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 i 
ABSTRACT 
 
 
 
High Efficiency Deep Grinding (HEDG) combines high depths of cut, high grinding 
wheel speeds with high work piece feed rates to deliver a very high stock removal 
process that can produce components free of surface damage. High contact temperatures 
are a characteristic of the process and this produces a mass of hot grinding sparks being 
ejected from the grinding zone.  
 
Neat oil cutting fluids are typically used in HEDG due to their excellent lubricity, but 
the high grinding wheel speeds employed leads to high levels of highly volatile cutting 
fluid mist in the machine canopy. This mist can mix with the hot grinding sparks being 
ejected from the grinding zone to create a potential fire hazard. 
 
The project aim was to produce a cutting fluid application strategy for the HEDG 
regime, focusing on establishing the thermal characteristics of cutting fluids in order to 
determine the optimum cutting fluid for the HEDG process. The cutting fluid 
application strategy also involved investigating the optimum means by which to apply 
the cutting fluid, based on minimising amount of cutting fluid used in the process and in 
reducing the potential fire hazard. 
 
The characteristics that have a thermal impact on the grinding process are the cooling, 
lubrication, ignition and misting properties of the fluid. A series of tests were 
established to investigate these properties and therefore allow different fluids to be 
compared and contrasted for their suitability for the HEDG regime based.  
 
Once an optimal cutting fluid had been established, the project then investigated the 
optimal method of applying this fluid, with particular reference to the type and design of 
the nozzle used to apply the fluid to the grinding zone. As part of these trials, a series of 
benchmark tests were also conducted using long established cutting fluid application 
techniques to enable the benefits of the new strategy to be evaluated. 
 
The project concluded that high viscosity neat oil ester based cutting fluids were the 
best fluids to be used in the HEDG regime due to they excellent lubricity and low 
misting properties coupled to their relatively high resistance to ignition when compared 
to neat mineral oils. The studies also found that using a high viscosity ester based fluid 
and then applying it using a coherent jet nozzle, significant reductions in the grinding 
powder and specific grinding energy could be achieved whilst significantly lowering the 
amount of mist in the machine, thus reducing the potential fire hazard and the volume of 
cutting fluid used by the process. 
 
 
 
Keywords:  
HEDG, Fluid Application, Convection Coefficient, Misting, Fire Hazard  
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1 Introduction 
 
1.1 Background 
 
“The process of removing material by the use of abrasives is very old. In recent years 
many papers have appeared on the subject of grinding, and much has been learnt. 
However, there are still important features which are not clearly understood.” 
      
         RS Hahn (1962)  
 
This statement was taken from a paper presented at the 3
rd
 International Machine Tool 
Design and Research Conference in 1962, and in many ways that statement still holds 
true today. In more than 40 years since that conference was held, there has been a great 
deal of research carried out in the field of grinding and abrasive machining, and a great 
deal has been learned during this period, but with advances in grinding technology, 
there are still a great many questions to be answered and problems to be solved. 
 
Recent advances in both machine and grinding wheel technology has allowed the 
development of High Efficiency Deep Grinding (HEDG), a high stock removal abrasive 
machining process which allows grinding to compete favourably with more traditional 
stock removal processes such as turning and milling. When applied to the cylindrical 
grinding process, HEDG technology results in a new process called “Superabrasive 
Turning”. 
 
Cutting fluids and their application are important in the majority of grinding processes, 
and the same is true for HEDG. Cutting fluids provide both cooling and lubrication to 
the grinding zone which helps to control the grinding zone temperature thereby reducing 
thermal damage to the work piece and grinding wheel wear. Cutting fluids also perform 
other important functions such as the flushing of grinding swarf and debris from the 
grinding wheel and grinding zone, as well as corrosion protection of both the workpiece 
and machine. (Brinksmeier and Brockhoff,1992) 
 
This research project arises from the need to further the understanding of the role of 
cutting fluids in the grinding process and in particular the HEDG process, where it is 
well know that the use of neat oil cutting fluids poses a significant fire hazard. This 
particular project also has real industrial significance, as ignition of the cutting fluid can 
result in serious and costly damage to the machines (see figure 1.1) as well as posing a 
serious risk to individuals. Consequently there is a real and immediate need to either 
eliminate or significantly reduce the risk of cutting fluid ignition. 
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Figure 1.1 Fire damage to a grinding machine as a result of cutting fluid ignition 
 
 
 
Figure 1.2 High Efficiency Deep Grinding of a Cylindrical Component. The hot grinding sparks 
coupled with high levels of cutting fluid mist pose a significant fire hazard when neat oil cutting fluids 
are used. 
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Empirically topics such as likely sources of ignition, sources of excessive heat 
generation, the flammability of cutting fluids, fluid mists and vapours, all spring to 
mind when considering measures likely to reduce the fire hazard within a grinding 
machine. Figure 1.2 shows a typical component (shown bottom right) being machined 
using the HEDG process, with the subsequent plume of hot grinding sparks being 
ejected from the grinding zone an obvious candidate as an ignition source.  
 
Measures to reduce the fire hazard may include areas as diverse as cooling and 
lubrication within the grinding zone to prevent excessive heat generation, or measures 
to reduce fluid mist and vapours or even the grinding sparks themselves. Also there is a 
desire to develop cutting fluids that are non flammable or at least less flammable than 
the ones already in use. 
 
This thesis is therefore concerned with the development of a cutting fluid selection and 
application strategy based on the particular aspects of fluid selection and application 
that have either a direct thermal impact on the grinding process, by controlling heat 
generation for example, or that are affected by the thermal nature of the grinding 
process, fluid flammability for instance. The following two sections refine this concept 
into a project aim and a series of objectives.    
 
1.2 Aim 
 
The principal aim of this thesis is to develop a best practice cutting fluid application 
strategy for the cylindrical High Efficiency Deep Grinding (HEDG) regime. The 
strategy should produce a robust and reliable process suitable for industrial applications 
which either eliminates or substantially reduces the risk of cutting fluid ignition.   
 
In order to develop a coherent cutting fluid application strategy for cylindrical HEDG, 
the project has been split into two main themes which run through the entire project. 
The two broad themes are: 
 
Cutting Fluid Selection 
 Cutting Fluid Application 
 
1.3 Objectives 
 
a. To establish the properties of the cutting fluid which have a thermal impact on 
the grinding process. 
 
b. To develop a standardised test program aimed at measuring the above 
properties. 
 
c. Use the data from the standardised test program to select the most effective 
cutting fluid for the cylindrical HEDG process.  
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d. To investigate different nozzle designs typically used for fluid application in 
grinding operations to determine the most effective and efficient method of fluid 
application. 
 
e. To minimise the volume of cutting fluid used in the cylindrical grinding process 
 
f. To reduce the environmental impact of the grinding process attributable to the 
use of cutting fluids.  
 
g. To propose a best practice fluid application strategy for the cylindrical HEDG 
regime.  
 
1.4 Scope 
 
The first part of this thesis reviews previous work on grinding and abrasive machining 
processes, cutting fluids, their application and their role in the grinding process. Theory 
is also presented showing the thermal impact of cutting fluids on the grinding process.  
 
Experimental work was predominately undertaken on two superabrasive grinding 
machines built by Holroyd, the Edgetek SAM surface grinding machine and the 
Edgetek SAT cylindrical grinding machine (see figure 1.3). The acronyms used to name 
these machines, SAM and SAT, describe the different processes and stand for 
Superabrasive Machining and Superabrasive Turning respectively.  
 
Electroplated CBN wheels were used for all grinding trials as they are particularly 
suited for the HEDG regime, where very high grinding wheel speeds are needed along 
with grinding wheels exhibiting very high wear resistance characteristics. Furthermore, 
the SAT and SAM machines were specifically designed for the HEDG process, having 
very powerful, high speed grinding spindles and cutting fluid delivery systems. 
 
The material used for experimental work was 51CrV4 high alloy steel, which is used 
extensively for the manufacture of transmission shafts in the automotive industry due to 
its excellent toughness. This particular material is relatively difficult to machine using 
conventional cutting processes, making HEDG an attractive manufacturing process for 
such applications. 
 
A variety of commercially available cutting fluids from a range of different suppliers 
were tested to allow a representative range of fluids to be compared. It is not the 
intention to perform a detailed comparison of cutting fluid chemistry, nor is it intended 
to develop new cutting fluids specifically for the HEDG process, simply to determine 
which characteristics have the greatest influence on the process and develop a range of 
standardised tests to allow different fluids to be compared.  
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Figure 1.3 Edgetek Superabrasive Milling (SAM) and Superabrasive Turning (SAT) Machines. 
Top left –Edgetek Superabrasive Turning (SAT) Machine 
Top right –Edgetek Superabrasive Turning (SAT) Machine with machine doors open 
Bottom centre – Edgetek Superabrasive Milling (SAM) Machine 
 
1.5 Thesis Structure 
 
The work carried out during the research project will be presented in this thesis in nine 
chapters.  
 
Chapter 1, the Introduction provides the background to this research, giving reasons as 
to why the research was conducted, a list of aims and objectives, and describes the 
scope and structure of the thesis. 
 
Chapter 2, the Literature Review highlights the main areas of research conducted in 
grinding and abrasive machining, with particular emphasis on the subject of cutting 
fluids, their application and their importance in the grinding process. 
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Chapter 3, Convective Heat Transfer Coefficient of the Cutting Fluid, discusses the 
thermal modelling of the grinding process, and in particular the convective heat transfer 
coefficient of the cutting fluid. This chapter also details the experimental work carried 
out to measure this important thermal attribute of the cutting fluid. 
 
Chapter 4, Cutting Fluid Evaluation Test Program, describes the experimental work 
carried out in developing and performing a series of screening tests used to determine 
individual fluid characteristics important in the selection of cutting fluids for different 
grinding regimes. Screening tests do not by themselves definitively prove a fluid’s 
suitability for a particular process, but provide a simple, cheap and efficient method of 
establishing a fluid’s suitability for any given process. The screening tests presented in 
this chapter are designed to test fluid lubrication, misting and ignition characteristics.  
 
Chapter 5, Grinding Performance, presents the experimental work conducted with 
various cutting fluids in both conventional and HEDG regimes. Despite the extensive 
use of screening tests in cutting fluid development, it has long been understood that the 
only way to truly test a fluid’s effectiveness for any given grinding process is to perform 
realistic grinding trials using the desired parameters. The results from these grinding 
trials are correlated with the results from the screening tests presented in chapter four, in 
order to evaluate the effectiveness of the screening test program. 
 
Chapter 6, Cutting Fluid Application, describes the importance of fluid application in 
developing a coherent cutting fluid delivery strategy, and discusses the experiments 
performed to determine the influence of fluid application parameters, such as nozzle 
design and nozzle position, on both the grinding process and on cutting fluid 
performance.  
 
Chapter 7, Validation of Cutting Fluid Application Strategy, details the experimental 
work conducted to produce an optimising cutting fluid application set-up, conducted 
using the most effective cutting fluid, nozzle design and fluid application parameters 
determined by experimental work described in earlier chapters. A summary of all the 
findings of the research is then presented to describe a best practice cutting fluid 
application strategy based on the thermal characteristics of cutting fluids, the principal 
aim of the project. 
 
Chapter 8, Conclusions and Recommendations, lists the conclusions that have arisen 
from the research, and suggestions for areas of further work that would be beneficial in 
extending the understanding of cutting fluids in abrasive machining process. 
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2 Literature Review 
 
2.1 Introduction 
2.1.1 Historical Background 
 
In 1974 the Grinding Technology Program of research was launched by the Science and 
Engineering Research Council after it became understood that the experiences of 
production engineers working within the automotive and aerospace industries during the 
late 1960’s had highlighted there was considerable undeveloped potential for grinding 
to be developed into a more widely used metal removal process to replace traditional 
methods such as turning or milling (Challis and Stanton, 1982). Up to that point 
grinding had been reserved for the fine finishing operations where small material 
removal rates were employed. 
 
Creep feed grinding, sometimes called abrasive machining, was the result of such 
research, where the removal of large quantities of material in “one pass” was 
achievable.  It is of considerable value when producing complex shapes and has been 
used to manufacture parts such as turbine blade roots for approximately 30 years.  
 
By 1979, the creep feed grinding technique was being employed in the deep grinding of 
twist drill flutes to attain very high specific removal rates on special purpose multi 
spindle grinding machines employing high stability, high power grinding spindles at 
high grinding wheel speeds (up to 100m/s). When using high pressure neat oil cutting 
fluids, maximum specific removal rates of 600mm
3
/mm.s were achievable. Such 
removal rates were significantly higher than was achievable by conventional flute form 
milling. (Werner, 1979). 
2.1.2 High Efficiency Deep Grinding 
 
The next major development came with the advent of superabrasive grinding wheels. 
Hard abrasive grains such as diamond and CBN (cubic boron nitride) bonded to a solid 
hub produced grinding wheels capable of very high metal removal rates without the 
excessive, uneconomical wear associated with conventional wheels when such high 
material removal rates were attempted. When used on modern grinding machines 
designed with greater stiffness for improved accuracy and product consistency, 
superabrasive wheels enabled the development of High Efficiency Deep Grinding, 
HEDG, and allowed even greater volumes of material to be removed (Tawakoli, 1993). 
Depths of cut in HEDG are comparable with creep feed grinding but workpiece feed-
rates are far greater, in the range more normally associated with high speed grinding.  
 
Tawakoli (1993) provides a comparison of removal rates for different grinding regimes, 
with typical grinding parameters employed in surface grinding. This can be seen in table 
2.1. Whilst these parameters may not be directly comparable to cylindrical grinding 
regimes such as superabrasive turning, due to the fact that the contact zone is 
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significantly smaller in cylindrical grinding (Werner, 1979), the table is useful in 
showing the relative differences between the different grinding regimes. 
 
Grinding 
Parameter 
Grinding Regime 
Shallow Cut Creep Feed HEDG 
Depth of Cut 
ae 
Low 
0.001-0.05mm 
High 
0.1-30mm 
High 
0.1-30mm 
Workpiece Speed 
vw 
High 
1-30m/min 
Low 
0.05-0.5m/min 
High 
0.5-10m/min 
Wheel Speed 
vs 
Low 
20-60m/s 
Low 
20-60m/s 
High 
80-200m/s 
Specific Removal 
Rate Qw’ 
Low 
0.1-10mm
3
/mm.s 
Low 
0.1-10mm
3
/mm.s 
High 
50-2000mm
3
/mm.s 
 
Table 2.1 Comparison of Grinding Parameters and Specific Removal Rates for Different Surface 
Grinding Regimes .(Tawakoli, 1993) 
All grinding regimes result in large amounts of heat energy being generated within the 
grinding zone. However, the high removal rates and high wheel speeds used in the 
HEDG process result in significantly more heat being generated in the grind zone in 
comparison to conventional grinding regimes. If this heat is not controlled this can lead 
to thermal damage of the workpiece.( Tawakoli, 1993; Stephenson and Jin, 2003). 
 
The thermal characteristics of the grinding process are dependant on several interacting 
variables (Stephenson and Jin, 2003).  These will be introduced in detail in chapter 3, 
but it is well known that a general relationship exists between temperature and specific 
material removal rate. This relationship, which is shown in figure 2.1, shows that either 
low or high specific removal rates must be employed if the finish workpiece surface 
temperatures are to be maintained below the burn threshold of the workpiece material. 
(Tawakoli, 1993; Jin and Rowe, 2001; Jin and Rowe, 2001(a); Jin and Stephenson, 
2002; Rowe and Jin, 2001; Stephenson and Jin, 2002).  
 
 
Figure 2.1 Relationship Between Specific Material Removal Rate (Q’) and Workpiece 
Temperature. (Stephenson, 2004) 
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In HEDG the workpiece finish surface temperature decreases with increasing removal 
rate despite the fact that the maximum contact temperature within the grinding zone 
increases. It is also significant that the maximum contact temperature itself does not 
increase linearly with increasing specific removal rate. Instead, the rate of change of 
maximum contact temperature decreases at higher specific removal rates. These 
important characteristics are attributable to two separate mechanisms.  
 
The first mechanism, which is largely responsible for the decreasing workpiece surface 
temperature at higher specific removal rates, is attributable to the high workpiece feed 
rates employed in HEDG. In creep feed grinding, the relatively large contact lengths (as 
a result of the large depths of cut) and the long contact time (as a result of the low 
workpiece feed rates) result in some of the heat energy flowing into the workpiece. This 
can result in an accumulation of heat within the workpiece which may ultimately cause 
thermal damage. Conversely the high feed rates used in HEDG results in heat energy 
being removed by the ejected metal chips before it is conducted into the workpiece 
where it could cause thermal damage. (Tawakoli, 1993). 
 
The second mechanism is a result of the relationship between specific grinding energy 
and the specific material removal rate. Far from being a linear relationship, the specific 
grinding energy decreases exponentially with increasing specific material removal rate 
(Jin and Rowe, 2001; Jin and Rowe, 2001a; Rowe and Jin, 2001; Stephenson and Jin, 
2002; Stephenson and Jin, 2003). Consequently, the amount of energy needed to 
remove each unit volume of material reduces significantly as the material removal rate 
increases. It is this relationship, shown in figure 2.2 that explains the fact that the 
maximum contact temperature does not increase as rapidly at higher specific removal 
rates. 
 
 
 
 
Figure 2.2 Relationship Between Specific Material Removal Rate (Q’) and Specific Grinding Energy. 
There are several reasons for the relationship seen in figure 2.2. One reason is the 
greater stress on the abrasive grains at higher specific removal rates. This results in a 
self sharpening action of the grains (Jin and Rowe, 2001) and promotes a more effective 
cutting action resulting in larger chip thicknesses and less ploughing and sliding. A 
second reason is the increased penetration of the abrasive grain into the workpiece. This 
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improves the geometry of the cutting action (Jin and Rowe, 2001; Jin and Rowe, 
2001a). The result is that HEDG is far more efficient than creep feed or shallow cut 
grinding regimes. (Jin and Rowe, 2001) 
 
The high grinding wheel speeds that are characteristic of HEDG, which are necessary to 
reduce the chip thickness in order to reduce the cutting forces generated by the process 
(Tawakoli, 1993), can atomise the cutting fluid leading to high levels of mist within the 
machine (Campbell, 2001). Neat cutting oils and the mists they produce are flammable, 
and with the very high grinding zone and chip temperatures associated with the HEDG 
process, there is obviously a serious risk of ignition.  
  
2.2 The Role of Cutting Fluids in the Grinding Process 
 
As stated both in the introduction and in the previous section, there is a significant fire 
hazard associated with the use of neat oil cutting fluids in conjunction with the HEDG 
process. There are also problems, in common with all other grinding regimes where 
cutting fluids are used, in simply supplying cutting fluids into the arc of contact between 
the grinding wheel and workpiece, and this in itself can result in an elevated risk of 
thermal damage to the workpiece surface due to excessive grinding temperatures 
(Brinksmeier and Heinzel, 1999).  
 
The obvious question that therefore arises is why use neat oil cutting fluids if their use 
and application is so problematic. Why not use other types of non-flammable cutting 
fluids or eliminate the use of cutting fluids altogether? In order to answer the second 
part of this question, we must first look at the role of cutting fluids within the grinding 
process. 
  
The grinding process is characterised by a relatively large contact area between the 
workpiece and the grinding wheel coupled with very high friction between the abrasive 
grains of the grinding wheel and the workpiece when compared to other machining 
processes (Brinksmeier and Brockhoff, 1997).  
 
Cutting fluids can help to lubricate the grinding zone, thus reducing the friction between 
the grinding wheel and the workpiece and reducing the amount of frictional heat being 
generated. They can also help to cool the grinding zone, removing some of the 
generated heat. Consequently, despite the problems associated with their use and 
application, cutting fluids have been an integral part of many grinding operations for a 
considerable length of time. During this time there has been a significant amount of 
research conducted to improve both the cutting fluids and their application, as they 
perform several very different but very important functions within the grinding process. 
Brinksmeier et al (1997) summarises these as follows:  
 
 Lubrication  
Lubrication of the grinding arc between the grinding wheel and the workpiece 
reduces the friction forces and thus limits heat generation and grinding wheel wear. 
Lubrication may also be needed for production tooling such as workrests.  
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 Cooling 
Cooling of the grinding wheel and workpiece 
 
 Corrosion Protection 
Cutting fluids can help to prevent chemical reactions at the newly formed surface of 
ferrous workpiece materials, and help prevent corrosion of the machine tool 
structure as a whole. 
 
 Chip Removal 
Removal of grinding chips out of the grinding area 
 
 Cleaning 
Cleaning the wheel is important to stop wheel loading, a condition where metal 
particles become lodged between the abrasive grains of the grinding wheel. 
(Khudobin, 1970;Tawakoli, 1993; Marinescu and Rowe, 2004) 
 
2.3 Thermal Characteristics of Cutting Fluids 
 
Section 2.2 listed cooling and lubrication as two important functions of the cutting fluid. 
A cutting fluid’s ability to cool the grinding zone, and its ability to reduce heat 
generation by means of lubrication, are the most obvious attributes of the cutting fluid 
to have a thermal impact on the grinding process. However, the cutting fluid’s misting 
and ignition characteristics also have a huge impact on the grinding process, especially 
in the HEDG regime when oil cutting fluids are used, as material removal rates may 
need to be limited in order to reduce the fire hazard posed by the process. 
 
The characteristics of the cutting fluid that have a thermal impact on the grinding 
process can therefore be categorised as follows: 
 
 Cooling Effectiveness 
 Lubricity 
 Ignitability 
 Misting 
 
These thermal characteristics will be considered in detail in the following sections. 
Other topics which are not directly associated with the thermal characteristics of cutting 
fluids will also be discussed in this section where appropriate. For example, the topic of 
temperature measurement will be discussed in detail when examining the cooling 
effectiveness of grinding fluids, as one cannot gauge this important fluid attribute 
without reliably measuring workpiece temperature.  
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2.3.1 Cooling 
 
The friction between the abrasive grain and the workpiece results in a large amount of 
thermal energy being generated, and as previously stated, if not controlled it can result 
in thermal damage to the workpiece (Tawakoli, 1993; Stephenson and Jin, 2003). This 
thermal energy is distributed or partitioned amongst the four different elements within 
the grinding zone. These four elements or paths, which are represented graphically in 
figure 2.3, are as follows: 
 
 Workpiece 
 Grinding Wheel 
 Cutting Fluid (cooling media) 
 Grinding Chips 
 
 
 
 
Figure 2.3 Partitioning of Thermal Energy in the Grinding Zone.(Tawakoli, 1993) 
 
The distribution of thermal energy throughout these four paths is not only determined 
by the thermal properties of the particular elements within the grinding zone, but also on 
the particular grinding parameters used. Whilst the interrelationships that govern this 
distribution are complex, it is sufficient at this point simply to understand the basic 
principles of cooling within the grinding zone, and the concept of energy partitioning. 
This is best explained graphically and is shown in figure 2.4, whilst the more complex 
mathematical interrelationships will be covered in greater detail in chapter 3. 
 
Figure 2.4 illustrates the basic principle of considering the grinding process as a thermal 
process. The total heat flux generated by the process, qt is divided or split between the 
four different elements within the grinding zone. Each element has a different amount of 
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thermal energy entering it, so the heat flux entering the grinding wheel is thus defined 
as qs. The same principle applies to the other elements within the grinding zone, the 
workpiece (qw), the cutting fluid (qf) and the chip (qf). The proportion or ratio of the 
total thermal energy of the process entering each of the different elements can be 
calculated, using well established formulae, to give the particular partition ratio. 
Therefore, amount of the total thermal energy entering the workpiece, for example, is  
  
Equation 2.1 
 
 qw = Rwqt 
 
where Rw is the workpiece partition ratio. The same principle applies to all the different 
elements within the grinding zone. This is the basic principle of partitioning. 
 
 
 
Figure 2.4 Partitioning of Thermal Energy in the Grinding Zone.(Rowe, 2001) 
 
In creep feed grinding cooling by the cutting fluid is of prime importance with more 
than 90% of the total heat energy generated removed by the cutting fluid (Jin and 
Stephenson, 2003). In High Efficiency Deep Grinding however, the very high contact 
temperatures that are characteristic of this aggressive process can lead to a condition 
where fluid film boiling occurs, and as a result, the cooling effectiveness of the fluid is 
reduced to almost zero (Andrew and Howes, 1985; Ohishi and Furukawa, 1985; Howes, 
1990). Instead HEDG relies on high workpiece feed rates to ensure heat energy is 
removed by the grinding chips.(Tawakoli, 1993)  
 
2.3.1.1 Convection Coefficient 
 
The measure of a cutting fluids ability to cool the grinding zone is defined as the 
convection heat transfer coefficient (hf), or convection coefficient for short. Under 
Total Heat Flux 
          qt 
  Fluid 
     qf 
Rfqt 
 Chips 
    qc 
 Wheel 
     qs 
 Workpiece 
         qw 
Rcqt Rsqt Rwqt 
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certain grinding conditions, convective cooling can be a major mechanism for the 
removal of heat energy from the grinding zone, and can therefore be important in 
reducing the possibility of thermal damage in the workpiece. It is therefore an important 
variable in determining the amount or ratio of the total heat generated in the grinding 
zone that is removed by, or partitioned to, the cutting fluid.  
 
Several attempts have been made to measure or calculate the convection coefficient 
from grinding data and these are summarised in table 2.2. It can be seen that there is a 
wide variance in the values published by different researchers. This is partly attributable 
to the different process parameters used, but also due to the different methods used to 
establish these values. Kim et al (1997) measured the temperature rise in the workpiece 
when creep feed grinding. A triangular heat source model was then used to predict the 
temperature response using different values of the fluid convection coefficient to match 
the predicted temperature response to the measured temperature response established 
during the creep feed grinding trials.  
 
Lavine (1988) on the other hand divided the total heat generated during the grinding 
process into two parts, the energy entering the workpiece and the energy entering a solid 
composite consisting of the grinding wheel and the grinding fluid. The energy removed 
by the chips was not explicitly considered. Lavine (1988) then calculated the energy 
entering these two bodies and by assigning suitable values of convection coefficient to 
oil and water, the maximum surface temperatures predicted using this method showed 
“remarkably good” agreement with the grinding zone temperature published by other 
researchers. 
 
Okuyama et al (1993) and Ohishi et al (1985) both built special test rigs in an attempt to 
measure the convection coefficient.  The rig used by Okuyama et al (1993) measured 
the temperature distribution along a piece of copper wire mounted vertically within a 
block, which was heated (by a coil heater) at one end, and cooled at the other by cutting 
fluid being applied to a rotating grinding wheel. This allowed the average heat transfer 
coefficient from the top surface of the copper wire to be calculated. Using this method 
Okuyama et al (1993) established values of approximately 120kW/m
2
K for water based 
cutting fluids at grinding wheel speeds of 30m/s.  
 
Ohishi et al (1985) used a slightly different method as they heated small copper 
cylinders and put the cylinders horizontally in the flow of cutting fluid at 5 different 
locations. By measuring the temperature change in the copper cylinders, values of 
convection coefficient up to 14.4kW/m
2
K were found, but these values are significantly 
lower than the values published by Okuyama et al (1993). Unfortunately Ohishi et al 
(1985) were not explicit about what type of cutting fluid and grinding wheel speeds they 
used for these tests. 
 
All this leads to a certain degree of uncertainty over the true value of this very important 
parameter. What is certain is the fact that the convection coefficient of the cutting fluid 
is very difficult to measure (Jin and Stephenson, 2003a; Ohishi and Furukawa, 1985) 
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Source of 
Data 
Kim 
(1997) 
Kim 
(1997) 
Lavine 
(1988) 
Lavine 
(1988) 
Lavine 
(1988) 
Lavine 
(1988) 
Grinding 
Regime 
Creep Creep Shallow 
Cut 
Shallow 
Cut 
Creep Creep 
Grinding 
Mode 
Down 
Grinding 
Up 
Grinding 
Down 
Grinding 
Down 
Grinding 
Down 
Grinding 
Down 
Grinding 
Wheel 
Diameter 
(mm) 
350 350 200 200 200 200 
Wheel 
speed (m/s) 
30 30 20 20 20 20 
Wheel 
Type 
Alumina Alumina Alumina Alumina Alumina Alumina 
Depth of 
Cut (mm) 
0.5 0.5 0.01 0.01 1 1 
Work speed 
(mm/s) 
5 5 100 100 1 1 
Cutting 
Fluid 
Emulsion Emulsion Emulsion Oil Emulsion Oil 
hf (W/m
2
K) 15000 20000 410000 130000 260000 40000 
 
Table 2.2 Comparison of the values of convection coefficient published by other researchers.( Jin and 
Stephenson 2003a) 
 
The main difficulty in measuring the convection coefficient arises from the fact that it is 
not determined solely by the thermal properties of the cutting fluid, but also on the 
grinding parameters used in the process. The simplest way of illustrating this is to look 
at the simple “fluid wheel” mathematical model described by both Rowe (2001a) and 
Jin et al (2002) to calculate this parameter. This particular model assumes that a layer of 
cutting fluid travels through the grinding zone at the grinding wheel speed, driven 
through by the hydrodynamic action of the grinding wheel, and covers practically the 
entire contact zone, including all the space between the abrasive grains. (Rowe, 2001a; 
Rowe and Morgan, 1991) 
 
The convection coefficient can then be estimated from: 
Equation 2.2 
hf 0.94
Vs
lc

  (Jin and Stephenson, 2002; Rowe, 2001a)
 
 
 
where:  
hf = convection coefficient of the cutting fluid 
 vs = grinding wheel speed 
 lc = grinding arc of contact 
 β = thermal property of the cutting fluid. 
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Whilst this model does not take into account the porosity of the grinding wheel, which 
is known to influence the cooling effectiveness of the cutting fluid (Andrew and Howes, 
1985; Jin and Stephenson, 2003a), it is useful for demonstrating how grinding 
parameters such as the grinding wheel speed and the depth of cut (which affects the 
grinding arc of contact) help determine the convection coefficient of the cutting fluid. 
 
Whilst the convection coefficient may not solely be determined by the thermal 
properties of the cutting fluid, it can be seen from equation 2.2 that it is proportional to 
them. Typical values of the thermal properties of different cutting fluids can be seen in 
table 2.3. and it can be seen from these values that water based cutting fluids (emulsion) 
offer far greater levels of cooling than neat oil fluids, due to the their high thermal 
property (β) which is attributable to their high water content, typically 90% or more. 
One would therefore assume that water based cutting fluids would be preferable to neat 
oils cutting fluids, especially in creep feed grinding, where, as stated earlier, over 90% 
of the heat is removed by the fluid (Jin and Stephenson, 2003).  
 
Material k(W/mK) ρ(kg/m3) c(J/kgK) β(J/mKs1/2) α x 10-6 m2/s 
Mineral Oil 0.14 900 2100 514 0.7 
Emulsion 0.56 1000 4200 1534 0.145 
 
Table 2.3 Typical Thermal and Physical Properties of Cutting Fluids.(Jin and Stephenson, 2003a) 
where:  
k=  thermal conductivity 
ρ= mass density 
c= specific heat capacity  
β = thermal property (kρc)1/2 
α = thermal diffusivity 
 
However, it is important to realise that neat oil cutting fluids offer far greater levels of 
lubrication (Malkin, 1989), a subject that will be covered in more detail later. 
Consequently despite the fact that oil is less effective at removing heat from the 
grinding zone, less heat is generated in the first place. This poses the classical quandary 
of which cutting fluid should be used? Should a water based cutting fluid be used to 
remove a larger percentage of a larger generated heat load, or should a neat oil based 
cutting fluid be used which removes a smaller percentage of a much reduced heat load? 
One of the aims of this thesis is to answer this question.  
 
2.3.1.2  Temperature Measurement 
 
Although temperature measurement is an aside to the main subjects of cooling and the 
convection coefficient of the cutting fluid, it is useful at this point to discuss the subject 
of temperature measurement. An important feature of all the different methods used to 
establish the cooling effectiveness of cutting fluids is the ability to accurately measure 
the grinding temperature. It is therefore convenient to cover this topic at this point, as it 
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is of fundamental importance if one wants to compare and contrast the performance of 
different fluids. The following sections will cover the different methods used to measure 
grinding temperature. 
2.3.1.2.1 PVD Coatings 
 
The physically vapour deposited (PVD) film method has been used successfully in both 
surface (Kato and Fujii, 1997; Kato and Fujii, 2000) and cylindrical grinding (Comley 
and Stephenson, 2004) to measure the workpiece temperature in grinding. A single 
material with a precise and known melting point is vapour deposited on a polished 
internal surface of a split workpiece. The split workpiece is then clamped together and 
the grinding test performed. Once the grinding test is complete, the workpiece can be 
split, and the depth to which the PVD coating has melted can be measured using a 
microscope.  
 
Repeating the grinding tests using the same grinding parameters, but using different 
PVD materials with different melting temperatures, allows the temperature at different 
depths within the workpiece to be established. Thus a temperature profile within the 
workpiece for the grinding parameters employed can be established.   
 
 
PVD Coating 
Material 
Symbol Melt Temperature 
(
o
K) 
Melt Temperature 
(
o
C) 
Germanium Ge 1211 938 
Antimony Sb 904 631 
Tellurium Te 723 450 
Zinc Zn 693 420 
Lead Pb 601 328 
Bismuth Bi 545 272 
Indium In 429 156 
Bi-Pb Alloy
(1) 
Bi-Pb 399 126 
Rose Alloy
(2) 
Rose 370 97 
Anatomical Alloy
(3) 
Anatomical 334 61 
Table 2.4 Typical Melting Temperatures of Commonly Used PVD Materials. (Kato and Fujii, 2000; 
Comley and Stephenson, 2004; Komanduri and Hou, 2001) 
Composition by weight: (1) Bi = 55.5%, Pb = 44.5%: (2) Bi = 50%, Pb = 28%, Sn = 22% :                   
(3) Bi = 53.5%, Pb = 17%, Sn = 19%, In = 10.5%  
 
This technique is however of limited value when one wants to measure the grind 
temperature to ascertain the convection coefficient of a variety of different cutting 
fluids. To obtain realistic values of the convection coefficient, grinding parameters need 
to be selected with care to ensure the process does not cause either fluid film boiling or 
nucleate boiling of the cutting fluid under investigation, both of which can significantly 
affect the magnitude of the convection coefficient (Andrew and Howes, 1985). 
 
When neat oil cutting fluids are used, a number of the coatings listed in table 2.4 could 
be used to develop a temperature profile within the grind zone, which could then be 
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used to establish the convection coefficient, as the boiling point of these fluids is 
typically in the range of 300-320
o
C (Yasui and Tsukuda, 1983; Rowe, 2001a; Jin and 
Stephenson, 2003a; Howes, 1990), but may increase above this depending on the 
pressure in the contact zone.  
 
For water based fluids however, only the “Anatomical Alloy” (Kato and Fujii, 2000) is 
significantly below the 100-130
o
C boiling point of the cutting fluid (Yasui and Tsukuda, 
1983; Rowe, 2001a; Jin and Stephenson, 2003a; Howes, 1990) making it virtually 
impossible to develop a reliable temperature profile within the workpiece.  
2.3.1.2.2 Thermal Imaging Camera 
 
A thermal imaging camera has been used to measure the workpiece temperature 
distribution in surface grinding (see figure 2.5), a technique that allows a graphical real-
time image of the heat distribution to be obtained (Hwang and Chandrasekar, 2002). 
The major disadvantage with this method is, however, that the camera only records heat 
radiated from the side of the workpiece facing the thermal imaging camera, and cannot 
measure actual contact temperature within the grind zone, as the view will always be 
obscured (Batako and Rowe, 2005). Furthermore the cutting fluids under test, which 
will inevitably splash all round the work area, could interfere with the thermal radiation 
observed by the thermal imaging camera. This could lead to inaccuracies in the 
temperature readings, with the consequent repercussions on the accuracy of any 
convection coefficient data derived from these thermal measurements. Finally the 
temperature distribution on the observed surface may not be representative of the 
distribution throughout the whole workpiece, and this again can lead to uncertainty over 
the reliability of the measurements (Batako and Rowe, 2005). 
 
 
Figure 2.5 Schematic for Measuring the Grinding Temperature using a Thermal Imaging Camera 
(Hwang and Chandrasekar, 2002). 
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2.3.1.2.3 Optical Fibre 
 
Infrared radiation pyrometers have been used to measure both infrared energy radiated 
from the active cutting grains of a grinding wheel (Ueda and Tanaka, 1993) and the 
grinding temperature in surface grinding (Ueda and Hosokawa, 1986; Xu and Malkin, 
2001). An optical fibre is mounted to accept infrared radiation from the target area 
which is then transmitted via an LED to the infrared detector. There it is converted to an 
electrical signal which can then be passed, via some signal processing system to a 
computer (See figure 2.6) 
 
 
 
a) Schematic of infrared pyrometer used by Ueda et al (1993) and 
b) Experimental grinding set-up 
 
Figure 2.6 Optical Fibre and Infrared Pyrometer method of Temperature Measurement.(Ueda and 
Tanaka, 1993).  
When measuring the temperature of active cutting grains, the optical fibre observes the 
grinding wheel after it has passed through the grinding zone (see figure 2.6(b)). There is 
therefore a time delay (measured in milliseconds) between cutting and measurement 
during which the cutting grains cool. This effect needs to be considered and 
compensated for (Ueda and Tanaka, 1993), and, unless done correctly, it can be a source 
of inaccuracy within the measurements.    
 
Measuring the workpiece temperature with this method requires the optical fibre to be 
mounted in a small blind hole drilled from the underside of the workpiece which 
extends almost to the ground surface. When the grinding wheel passes over the top of 
the hole, the infrared detector can detect the radiation emitted from the bottom of the 
hole. (Ueda and Hosokawa, 1986; Xu and Malkin, 2001) 
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In order to prevent damage to the fibre optic, which is both relatively expensive and 
fragile, a small “safety layer” must be maintained between the ground surface and the 
sensor. As a result, this method cannot provide direct contact temperatures, the contact 
temperature being extrapolated from the temperature measurements (Batako and Rowe, 
2005), and, as before, unless done correctly, it can be a source of inaccuracy within the 
measurements.   
2.3.1.2.4 Thermocouples. 
 
Thermocouples are probably the most obvious choice for temperature measurement due 
to their simplicity and relatively low cost, and consequently have been used in a number 
of different ways. One method employed is to use either a single or multiple 
thermocouples mounted below the workpiece surface to determine the effect of grinding 
parameters on workpiece temperature. If multiple thermocouples are inserted into holes 
drilled at increasing distances from the ground surface the temperature distribution 
within the workpiece can be measured (see figure 2.7), with the average surface 
temperature being calculated by extrapolation (Tawakoli, 1993). Similarly this method 
can also be used to measure the contact zone temperature, with holes precisely drilled in 
a pre-determined arc corresponding to the arc of contact of the grinding wheel. A test 
grind can then be performed with the wheel stopping a short distance (typically 0.1mm) 
away from the thermocouples to prevent damage. This allows the temperatures very 
close to the contact zone to be measured (Tawakoli, 1993).  
 
Figure 2.7 Holes drilled into workpiece to allow the temperature distribution to be measured. 
(Tawakoli, 1993) 
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Both these methods have the advantage that standard, calibrated thermocouples can be 
used. These methods are also unaffected by the application cutting fluids, but, as with 
the fibre optical system described earlier, contact temperatures must be determined by 
extrapolation (Black and Rowe, 1995). This poses particular problems in HEDG, where 
the feed rates and contact temperatures are high. The temperature gradient in the 
material between thermocouple and the ground surface may be steep and non-linear 
which can result in errors in the extrapolation (Batako and Rowe, 2005). The hole in the 
workpiece used to mount the thermocouple also affects the temperature measurements, 
as the volume of heated material is reduced, and this may cause the measured 
temperature to be artificially high (Black and Rowe, 1995).  
 
An alternative is to use thin film thermocouples, either single or two pole, inserted 
within a split workpiece and exposed to the ground surface. Such thermocouples can 
also be inserted into a grinding wheel but this adds to complexity of the system as the 
signals need to be extracted using high speed slip rings which can be a source of 
electrical noise (Batako and Rowe, 2005). 
 
Single pole thermocouples, as seen in figure 2.8, are single foil strips, typically 10-
15μm thick, insulated from the bulk workpiece material, which are then smeared onto 
the workpiece surface during grinding process, thus creating the measuring junction. 
Consequently actual contact temperature is measured (Batako and Rowe, 2005). and 
there is no need for extrapolation. This technique however does require calibration 
(Black and Rowe, 1995) and the thermocouples are effectively destroyed by the 
grinding process and need to be replaced. There are also problems associated with 
maintaining a good measuring junction which can break down, particularly under wet 
grinding conditions, as can the insulation between the thermocouple and bulk workpiece 
material (Batako and Rowe, 2005) 
 
 
 
Figure 2.8 Single Pole Thin Film Thermocouple.( Batako and Rowe, 2005) 
 
Two pole thermocouples, as seen in figure 2.9, exposed at the workpiece surface as 
before, can also be employed. Typically these are made from standard commercially 
available thermocouples, but the junction between the two thermocouple legs is split 
and a thin layer of insulation placed between them. This creates a new “grindable” 
thermocouple which can then be inserted into a spilt workpiece as before. Once again, 
very thin thermocouples can be used, typically 50μm thick, so as to minimise any 
temperature distortions around the thermocouple.  
 
During the grind, the junction between the two poles of the thermocouple is recreated 
and the contact temperature measured (Black and Rowe, 1995). This technique 
overcomes the calibration issues of the single pole technique (Black and Rowe, 1995; 
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Batako and Rowe, 2005), but is more difficult to assemble than the single pole method 
due to the multiple layers of thin mica insulation and fragile nature of the foil elements 
of the thermocouple. These additional layers also increase its physical size. (Batako and 
Rowe, 2005) 
 
 
Figure 2.9 Two Pole Grindable Thermocouple Technique (Black and Rowe, 1995). 
As stated previously, cooling is not the only thermal characteristic of the cutting fluid, 
and it is to these other thermal characteristics that attention will now turn. 
2.3.2 Lubrication 
 
The next thermal characteristic of the cutting fluid to be discussed is lubrication. When 
grinding, material is removed by a large number of different cutting edges. Each cutting 
edge has an indeterminate shape, but each cutting edge is in contact with the workpiece, 
albeit with a very small contact area. This results in conditions where there is a lot of 
friction between the grinding wheel and the workpiece, associated with rubbing and 
sticking friction. The use of a lubricant between the grinding wheel and the workpiece 
significantly reduces these frictional forces and reduces wheel wear. (Marinescu and 
Rowe, 2004) 
 
In order to understand the role of lubrication in the grinding process, and the thermal 
impact fluid lubricity has on the grinding process, it is important to understand the 
concept of specific grinding energy and its relationship with grinding forces. 
 
The specific grinding energy is defined as the energy per unit volume of material 
removed (Andrew and Howes, 1985; Shaw, 1996) and for a grinding process it is a 
measure of process efficiency. An abrasive process is said to be efficient when material 
is removed rapidly with low power consumption and thus processes that give rise to a 
low specific grinding energy are considered to be efficient, whereas processes that give 
rise to a high specific grinding energy are considered to be inefficient (Marinescu and 
Rowe, 2004). 
 
Specific energy is calculated by  
 
 Specific Grinding Energy = Net Machining Power ÷ Rate of Material Removal 
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In mathematical notation this is described as follows: 
Equation 2.3  
 
 ec=Pnet÷Qw 
 
Equation 2.3 can be re-written 
Equation 2.4 
  
 ec=( Ft.vs)÷(bw.ae.vw)    (Marinescu and Rowe, 2004) 
 
Where: 
 
 ec= specific grinding energy 
Ft = tangential force 
vs = grinding wheel speed 
bw = grinding wheel width 
ae = depth of cut 
vw = work piece feed rate  
 
Equation 2.4 shows the specific grinding energy is proportional to the tangential 
grinding force (Ft). Many factors affect the tangential force, including the workpiece 
material, condition of the grinding wheel, size of grinding chips produced, dressing 
parameters when conventional abrasives are employed, along with the type and quantity 
of any cutting fluid employed and how effectively it is applied. 
 
However, it is well known that lubrication reduces the friction between the grinding 
wheel and workpiece (Brinksmeier and Heinzel, 1999). The reduction in the grinding 
forces is associated with a reduction in both the forces associated with chip formation, 
and the waste forces associated with ploughing. As a consequence of the reduction of 
grinding force, the specific grinding energy of the process is also reduced, as the 
specific grinding energy is proportional to the tangential grinding force (see equation 
2.4). 
 
The amount of thermal energy (the total heat flux) generated by the grinding process 
can be calculated using the specific grinding energy, a relationship which can be seen in 
equation 2.5.  It is therefore quite clear that lubrication reduces the grinding zone 
temperature (Brinksmeier and Brockhoff, 1997; Malkin, 1989) and can therefore reduce 
the likelihood of thermal damage for any given set of grinding conditions (Malkin, 
1989). In HEDG, where fluid film boiling can occur, prevents the cutting fluid from 
cooling the grinding zone, the reduction in heat generation due to improved lubrication 
gives neat oil based cutting fluids a significant advantage over water based fluids (Jin 
and Stephenson, 2002a; Stephenson and Laine, 2001).  
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Equation 2.5  
qt=ec . ae .vw / lc   (Jin and Stephenson, 2003) 
  
Where  
  qt = total heat flux 
  ec = specific grinding energy 
  ae= depth of cut 
  vw = workpiece feedrate 
  lc = arc of contact 
  
The fluid film boiling effect inhibits the cooling action of a cutting fluid once a 
threshold temperature has been reached (Andrew and Howes, 1985; Ohishi and 
Furukawa, 1985; Howes, 1990), does not prevent lubrication of the contact zone, as it is 
known that lubricants can lubricate whilst in their vapour phase (Williams and Tabor, 
1977). If certain extreme pressure (EP) additives are used, sulphur for example, the high 
contact temperatures that are characteristic of the HEDG process, actually assist the 
lubrication process, by activating and promoting the chemical reactions between the EP 
additive and workpiece that result in a high load carrying film being generated between 
the workpiece and tool (Kajdas, 1989).  
2.3.2.1 Lubrication Testing 
 
In grinding, there are a number of different variables that ultimately determine grinding 
performance. For example, grinding forces and the specific grinding energy are not 
simply determined by workpiece material, depth of cut and grinding wheel speed, but 
other factors such as the specification and condition of the grinding wheel.  
 
The condition of a grinding wheel varies over time as it becomes progressively worn, or 
if the active surface of the grinding wheel becomes clogged by debris in a process 
referred to as wheel loading (Khudobin, 1970; Tawakoli, 1993; Marinescu and Rowe, 
2004). If conventional, vitrified or metal bonded grinding wheels are used, the dressing 
parameters, dressing frequency and the condition of the dressing tool will all influence 
the condition of the grinding wheel, and thus the grinding process. Furthermore, no two 
grinding wheels can ever be identical even when manufactured to the same 
specification, as the abrasives grains are randomly orientated and distributed over the 
active surface of the wheel.  
 
These sources of variance makes it very difficult to formulate a standardised grinding 
test to determine cutting fluid lubricity, and whilst continuous dressing has been 
proposed as a possible solution to this problem (Howes, 1990), it is a technique that 
cannot be applied to electroplated superabrasive grinding wheels used in the HEDG 
process, as they are not dressed during normal use.  
 
The literature revealed that simply measuring the coefficient of friction obtained from 
two sliding surfaces lubricated by a fluid is not a particularly meaningful test when 
applied to machining and grinding processes. This is because the contact conditions 
between the chip and tool (abrasive grain in grinding) are very different from those of 
more conventional lubricated sliding surfaces (Williams and Tabor, 1977). 
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Therefore the lubricity of a fluid is usually tested by means of a Tribometer, an 
instrument designed to replicate the friction couple under investigation. It does this by 
not only replicating the materials, but also the contact type in question and the type of 
contact the two materials form. The use of a Tribometer allows a number of different 
fluids to be compared, quickly, efficiently and cost effectively (Marinescu and Rowe, 
2004). 
 
A number of quite different Tribometer’s are used to test the performance of lubricants 
and include the Timkin method (ASTM D 2782-88 “Measurement of the EP Properties 
of Lubricating Fluids (Timkin Method)” 1988), Falex Pin and Vee method (ASTM D 
3233-93 “Measurement of the EP Properties of Lubricating Fluids (Falex Pin and Vee 
Block  Method)” 1993) and the Four Ball method (“Measurement of the EP Properties 
of Lubricating Fluids (Four Ball Method)” 1988). (Belluco and DeChiffre, 2001) 
Unfortunately, there is general agreement that these tests offer poor correlation with real 
cutting processes (Belluco and DeChiffre, 2001; De Chiffre, 1978), though the four ball 
tests can provide “useful information on the possible mechanisms of the lubricating 
behaviour of the fluids relevant to grinding” (Cholakov and Rowe, 1992). 
 
More sophisticated and representative Tribometers have been developed in order to 
better simulate the contact and materials found in grinding. The “Falex Block on Ring” 
method has been modified to include a CBN electroplated ring to simulate the grinding 
wheel (Yamanaka and Hayama, 1998), and Koenig and Vits (Marinescu and Rowe, 
2004) developed a Tribometer specially designed for the comparative testing of 
grinding fluids. This Tribometer is shown in Figure 2.10. 
 
 
Figure 2.10 Tribometer developed by Koenig and Vits at the Technical University of Aachen 
(Marinescu and Rowe, 2004).  
(1) grinding wheel, (2) workpiece, (3) balancing washer, (4) fluid inlet, 
(5) dresser, (6) dressing tool, (7) infeed slide, (8) motor, (9) load cell 
(10) main spindle 
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Unfortunately, the author did not have access to these more sophisticated designs of 
Tribometer, so a different testing method needed to be selected. The literature revealed 
a number of alternative methods for testing the lubricity of cutting fluids. Blanchard 
(1974) investigated several different test methods including lathe plain turning tests, 
drill life test, drilling force test and tapping torque test and found that a torque tapping 
test was the most suitable test for comparing both neat oil and water based cutting 
fluids. DeChiffe (2000), who compared tool life, cutting force (drilling, reaming and 
tapping) and surface finish test, also found that cutting force tests (torque tapping) 
offered a relatively low cost and repeatable method for evaluating the performance of 
cutting fluids.  
 
As a consequence of these findings, torque force (torque tapping) tests were selected as 
the method to evaluate the lubricity of different cutting fluids, and these results are 
presented in chapter four. 
 
2.3.3 Fluid Misting and Ignition Characteristics   
 
There are two more thermal characteristics of the cutting fluid that whilst less obvious, 
they can still impose limitations on the grinding process. These are the ignition and 
misting characteristics of the cutting fluid. Whilst at first glance these would not appear 
to be thermal characteristics, the achievable removal rates for any given process may 
need to be limited in order to reduce the fire hazard if neat oil cutting fluids are used. 
 
2.3.3.1 General Literature on Fluid Ignition 
 
Whilst it is well known that the use of neat oil cutting fluids in grinding poses a fire 
hazard (Malkin, 1989) and that a fine mist existing within grinding machine canopies, 
produced when high pressure cutting fluids come into contact with the grinding wheel, 
also presents a fire hazard (Campbell, 2001), no detailed research into the combustion 
and ignition of cutting fluids could be found. 
 
It is therefore important to identify the probable sources of cutting fluid ignition during 
the HEDG process when neat oil cutting fluids were used in order to eliminate or 
significantly reduce the likelihood of ignition. Unfortunately owing to the volume of 
cutting fluid typically applied during grinding and the fact that the machines are totally 
enclosed, effective viewing of the grinding process is seriously inhibited (see figure 
2.11). This fact and the unpredictable nature of ignition, definitive identification of the 
ignition source was virtually impossible and may be one explanation for the lack of 
detailed literature on the subject  
 
More general ignition and combustion research does provide useful information on the 
ignition process and likely causes of ignition in the context of grinding. Flammable 
fluids ignite can when they come into contact with hot surfaces and is a common cause 
of industrial fires (Bennett and Ballal, 2003). The temperature of a hot surface is not the 
only factor which determines whether a fluid with ignite. The time a fluid is exposed to 
the heat source also plays an important role. Exposure to any given temperature for a 
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short time may not lead to ignition, whilst exposure to a lower temperature for a longer 
period of time may well lead to ignition (Fisher, 2000). This phenomenon is referred to 
as residence time, and a cutting fluids ability to withstand an elevated workpiece 
temperature will therefore be influenced not only by the workpiece temperature and the 
fluid flow rate.  
 
 
 
Figure 2.11 Visibility inside the Grinding Machine is Severely Obscured by the Cutting Fluid. 
The Edgetek SAT Machine. Images show the difference between no fluid (left) and fluid (right) being 
applied to the grinding zone. 
 
Unfortunately conventional, commonly used and quoted ignition point or flash point 
tests such as Pensky-Martens Test (IP34/82 : BS2000: Part 34: 1982) and the Cleveland 
Open Cup Test (IP36/84 : BS4689 : 1971), fail to consider the flow aspect of the 
ignition process as the fluid is held within a cup whilst it is heated. As a result the 
ignition point temperatures obtained from such tests may be of limited value. 
Consequently a new series of tests to determine the ignition characteristics of different 
cutting fluids are presented in chapter four.  
 
Another possible ignition source, mentioned briefly earlier in this section, was the 
cutting fluid mist, as it is well known that oil mists can ignite well below their 
flashpoints (Bowen and Shirvill, 1994; Bowen and Shirvill, 1994a; Maragkos and 
Bowen, 2002) and that the potential fire hazard is determined largely by the droplet size 
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with smaller droplets igniting more readily than larger droplets. (Bowen and Shirvill, 
1994; Bowen and Shirvill, 1994a).  
 
Unfortunately, accidentally produced fluid mists, such as those found within a grinding 
machine canopy do not have a defined droplet size, but instead contain a distribution of 
different droplet sizes and these distributions are notoriously difficult to measure 
(Bowen and Shirvill, 1994; Bowen and Shirvill, 1994a). This means that developing a 
model or tool which predicts when cutting fluid mist ignition could occur based on the 
grinding parameters to be employed, or for that matter, a monitoring system that 
measures the cutting fluid mist level in the machine canopy to determine whether a pre-
determined mist threshold level has been reached, would in practice be very difficult to 
develop.  
 
This was demonstrated by Zhong et al (2002) when trying to develop a predictive model 
for aerosol generation in cylindrical grinding when trying to predict the air quality in 
machine shops. The error between the mist levels predicted by the model and the actual 
mist measurements taken during verification experiments were in the order of 10-50% 
(Chen and Liang, 2002). 
 
The most obvious source of ignition in grinding are the grinding sparks which are 
clearly visible in figure 1.2. Empirically, one would think that these sparks would ignite 
either the cutting fluid bulk or the cutting fluid mist. However Suzuki et al (1992) 
attempted to ignite an atomised gasoline and air mixture with grinding sparks. Whilst 
the results show such a mixture could be ignited by this method, the probability was low 
as only 3 out of 40 tests conducted under a variety of different test conditions (different 
grit size grinding wheels, workpiece material, wheel speeds, etc) resulted in ignition 
despite the fact that the grinding sparks were significantly hotter (approximately 1000
o
C 
or higher) than the flashpoint of gasoline. These results show how difficult it is to ignite 
a mist or aerosol of flammable fluid with grinding sparks. Tests were also conducted to 
ignite both liquid gasoline and light oil with grinding sparks and found that the bulk 
fluid could not be ignited by grinding sparks. These findings help to explain why cutting 
fluid ignition is, thankfully, relatively infrequent.   
  
2.3.3.1.1 Static Electricity 
  
Another potential ignition source is static electricity, which is an issue for many 
manufacturing sectors and its ability to be the source of fire and explosions should not 
be underestimated. It is however very unpredictable and difficult to detect but the 
hazards posed by electrostatic ignition can be identified and controlled. Hearn (2003) 
states that there are five conditions which need to be met for an electrostatic charge to 
be an ignition hazard. 
 
 Sensitive flammable atmosphere 
 Generation of electrostatic charge 
 Accumulation of charge 
 Electrostatic discharge 
 Sufficient discharge energy 
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Clearly a sensitive flammable atmosphere is already present within the confines of the 
grinding machine when neat oil is used as a cutting fluid; otherwise there would not be 
a fire hazard in the first place. 
 
An electrostatic charge can be generated in many different ways. The rate of charge 
generation can be very difficult to predict, but the sources of generation are well 
understood. Electrostatic charge is generated during operations where rapid and 
energetic movement occurs and /or where there is contact and separation of solid 
surfaces (Hearn, 2003). The following are potential electrostatic charge generation 
mechanisms within the grinding process (Hearn, 2003).  
 
 The contact and separation of solid surfaces  
 Flow / movement of liquids  
 Production of mists or aerosols 
 Charging by induction in an electric field  
 
It should be noted that the movement of personnel can also generate an electrical charge 
if their footwear or the flooring are insulated, but as we are specifically looking at in-
process sources of ignition this particular source will not be considered. 
 
Flammable hydrocarbon vapours are extremely sensitive to spark discharge ignition, 
needing only between 0.2-2mJ of discharge energy for ignition (Hearn, 2003). This is a 
very small amount of energy and with standard light oils exhibiting relatively high 
evaporation loss characteristics there is clearly a potential for ignition if sufficient 
vapours are present within the machine canopy.  Hydrocarbon droplets of a larger size 
generally associated with mists require significantly higher discharge energy for 
ignition, typically between 1-1000mJ of energy (Hearn, 2003).  
 
The accumulation of charge is more difficult to access. However, the accumulation of 
electrical charge is easily eliminated by ensuring the all the relevant machine 
components are electrically bonded. Such electrical bonding totally eliminates the risk 
of ignition by electrostatic discharge, as it removes one of the five key elements, listed 
earlier, necessary for an electrostatic discharge to occur. Consequently, the earth 
bonding on both the SAT and the SAM machines was tested very early in the project, 
and found to be more than adequate. Without any possible accumulation of electrical 
charge, static discharge was not a possible cause of the machine fires experienced at 
Cranfield.  
2.3.3.2 Cutting Fluid Ignition 
 
Putting the more general literature on combustion and ignition of fluids and fuels into 
context, it is possible to determine the likely sources of ignition associated with the use 
of neat oil cutting fluid in grinding and in particular HEDG. Five different ignition 
sources can be identified when the general concepts of ignition are put into context: 
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 Cutting fluid mist / vapour combining with hot grinding sparks 
 Cutting fluid mist / vapour combining with a hot body  
 Ignition caused by elevated workpiece temperature 
 Ignition caused by elevated workpiece temperature caused by poor fluid 
application 
 Electrostatic discharge. 
 
The last point in this list, electrostatic discharge is worth mentioning first, as whilst it 
was eliminated as an ignition source on the machines at Cranfield, in situations where 
the machine bonding is not adequate, static discharge could still potentially be a 
problem. In these circumstances, electrical bonding on the machines in question should 
always be checked and rectified to the appropriate standard. Once the machine bonding 
is rectified, electrostatic discharge can be totally eliminated as an ignition source. 
 
Two of the other items in the list of possible sources of cutting fluid ignition are as a 
result of elevated workpiece temperature. It is valuable to discuss possible reasons why 
the workpiece temperature should be sufficiently raised so as to cause a potential fire 
hazard.  
 
It is well known that prolonged and excessive grinding zone temperatures, where the 
thermal energy created by the grinding process is too great to be removed by the cutting 
fluid, grinding wheel and grinding chip, results in elevated body temperature. There are 
a number of different causes which include poor selection of process parameters such as 
depth of cut and feed-rate, inappropriate grinding wheel speed, poor grinding wheel 
selection.  
 
Whilst these factors may result in excessive workpiece temperatures during the 
development stages of a process, clearly under normal everyday process conditions, the 
workpiece temperature cannot normally be sufficiently high as to cause ignition of the 
cutting fluid otherwise the cutting fluid would ignite during every cycle of the process, 
and the process would simply be unviable.  
 
Another, more likely cause is the build-up of grinding swarf on the grinding wheel due 
to inadequate scrubbing and / or cleaning, machine failures such as jamming of the 
workpiece, cutting fluid delivery failure, or failure in the machine control system. 
Excessively worn or stripped grinding wheels and the subsequent rise in frictional heat 
generation will also result in excessive body temperature which can ultimately lead to 
spontaneous ignition of the cutting oil.    
 
Unfortunately, this particular type source of ignition can never be totally eliminated 
when oil based fluids are used. Errors in machine set-up, errors in the selection of 
process parameters or worn grinding wheels would normally manifest themselves 
before fluid ignition occurs with evidence of workpiece burn if the workpiece was 
manufactured from steel. Other materials however, such as Inconel, are far more 
resilient to thermal stress and damage, and ignition could occur before standard quality 
control procedures detected a problem. 
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Machine failures are also difficult to prevent, and whilst a sensor may stop a grinding 
process if the cutting fluid fails, failure of the control system due to fluctuations in the 
electrical supply for example, are far more difficult to control. Under these 
circumstances, therefore, a non flammable fluid, or at least one exhibiting a high 
resistance to ignition, is essential.  
 
Another possible cause of excessive workpiece temperature is attributable to poor fluid 
application. Whilst under normal circumstances this should not be a problem under 
certain conditions (for example if the cutting fluid stream is masked by the workpiece or 
fixture) mainly observed at the end of the workpiece, the flow of cutting fluid to the 
grinding zone can be reduced as a result of the workpiece geometry (see figure 2.12). 
 
 
Figure 2.12 The Effect of Fluid Support or Nip Blocks in Creep Feed Grinding (Silliman and Perich, 
1992) 
 
Under normal grinding conditions the cutting fluid is pointed at the wheel and forms a 
“pool” slightly in front of the grinding zone. Secondly the wedge formed by work piece 
and wheel helps to focus the fluid into the grinding zone. At the end of a cut when 
surface grinding, or the end of the component in some traverse grinding applications, 
helical gear grinding for example, fluid is prevented from forming a pool by the edge of 
the component, as there is no workpiece material to constrain or focus it. As a result 
there is less fluid within the grinding zone, resulting in less lubrication and increased 
grinding zone temperatures. These increased grinding zone temperatures could 
potentially be a source of ignition. 
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2.3.4 Fluid Misting 
 
The literature presented in the previous sections highlighted the significance of fluid 
mists in increasing the likelihood of fluid ignition within the grinding zone. Reducing 
cutting fluid mist is important if the probability of cutting fluid ignition is to be reduced.  
 
Much of the literature surrounding cutting fluid mist is not aimed at a reduction in the 
fire hazards mists, but in reducing the health hazards associated with these mists. In 
recent years a raft of new legislation in both the United States and Europe called for 
reductions in the mist (airborne droplets or aerosols) created by machine tools using 
cutting fluids. In 1998 the United States, for example, reduced the recommended 
permissible mist limit in an operator’s breathing space from 5mg/m3 to an equivalent of 
0.5mg/m
3 
total particulate mass. (NIOSH, 1998).  
 
In order to achieve a reduction in the mist exposure, two main mechanisms were 
proposed. The first, the use of a machine ventilated canopy or enclosure (Johnston and 
White, 1995; Dasch and Ang, 2001) which obviously forms a barrier coupled between 
the operator and the mist, does reduce the mist in the machine operator’s breathing 
space, but does little to prevent the mist being generated in the first place. Another 
mechanism proposed was the use of polymer anti-misting additives, which whilst very 
effective at reducing the mist level – up to 70-90% in the some circumstances (Dasch 
and Ang, 2001), these additives do deteriorate with use, and therefore need constant 
replenishment (Dasch and Ang, 2001).  
 
The literature did, however, reveal some important factors that influence the amount of 
mist generated in the machine. The base oil can have a significant influence, with more 
volatile fluids of comparable viscosities producing more mist than less volatile base oils 
(Dasch and Ang, 2002; Dasch and Ang, 2001).  
 
Furthermore Dasch et al (2002) reported that both synthetic neat cutting oils along with 
water based cutting fluids produced significantly less mist than neat mineral oils. The 
fact that water based cutting fluids produced such low levels of mist was attributed to 
the fact that unlike neat mineral oils that contain 100% oil, water based fluids only 
contain approximately 5- 10% oil, the rest being water. 
 
When investigating the mist generated during a milling process, Dasch et al (2002) 
found that mist is generated when the cutting fluid impacts on the tool and the 
workpiece, and also found there was a small increase in fluid mist as the fluid velocity 
increased. This in itself is not surprising, as the faster the fluid velocity, the greater the 
impact on the tool and workpiece. 
 
However Dasch (2002) found the most significant contribution to the mist level was 
from the centrifugal spin off of fluid droplets (typically greater than 20 micron in size) 
from the milling tool (see figure 2.13). It was found that the mist level was related to the 
square of the tool speed, so was influenced by both the spindle speed and the milling 
tool diameter. 
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Figure 2.13 also shows a slight increase in the mist level during the machining process 
and Dasch et al (2002) attributed this to the possibility that cutting fluid was being 
evaporated. It then re-condensed as it cooled for form larger particles (typically less 
than 1 micron is size) which were then detectable by the aerosol monitor used in the 
tests. 
 
Figure 2.13 Mist Level as a Function of Machine Activity during Milling (Dasch and Ang, 2002) 
Mist measurements were taken when face milling aluminium using a water based cutting fluid – 5% 
concentration. 
 
Whilst none of this literature is specifically aimed at reducing the mist level in a 
grinding machine in order to reduce the potential fire hazard, the literature presented 
does give valuable information into some of the factors that influence the mist 
generation process. Now that the four thermal characteristics of cutting fluids have been 
discussed, attention will now turn to the cutting fluids themselves. 
2.4 Cutting Fluids 
2.4.1 Introduction 
 
There are basically three different types of cutting fluids used in the grinding process, 
neat mineral oils (sometimes referred to a straight oils), water based cutting fluids 
(sometimes referred to as soluble oils or emulsions), and synthetic neat oils. All have 
different advantages and disadvantages, and the following sections will give a brief 
overview of all these types of fluid. 
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2.4.2 Neat Oils 
2.4.2.1 Neat Mineral Oils 
 
Neat mineral oils have been used extensively in previously published research on the 
HEDG process (Stephenson and Laine, 2001; Jin and Stephenson, 2003; Stephenson 
and Jin, 2002) and are generally recommended for the HEDG due to their excellent 
lubricity (Tawakoli, 1993; Jin and Stephenson, 2002a; Stephenson and Laine, 2001). 
Their use is less than satisfactory because of pollution and safety considerations as their 
use may present a fire hazard (Malkin, 1989), however, neat oils have been found to 
increase grinding wheel life by up to 50 times. 
 
Neat oils also offer certain advantages over water based cutting fluids in most grinding 
regimes because of their excellent lubrication characteristics as, with the “notable 
exception of creep feed grinding, cooling by grinding fluids appears to be generally 
ineffective in lowering the peak temperature within the grinding zone”(Malkin, 1989). 
The high lubricity of cutting fluids reduces wheel wear (see figure 2.14) which in turn 
helps to reduce the grinding forces and as a consequence the grinding zone temperature 
and the likelihood of thermal damage is reduced in comparison to water based cutting 
fluids. 
 
Figure 2.14 The effect of cutting fluid selection on grinding wheel wear (Malkin, 1989) 
The graph shows the accumulated wear flat area (A%) versus the accumulated material removal per unit 
width (V’w) for an aluminium oxide grinding wheel used in a straight plunge grinding operation. 
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Mineral oil cutting fluids are a mixture of liquid hydrocarbon molecules obtained from 
refining and distilling crude oil. Mineral oil cutting fluids contain a wide range of 
hydrocarbon molecules of various different molecular and specific weights, along with 
impurities such as sulphur, oxygen and nitrogen compounds. The composition of the 
base oil is a major factor in determining important properties of cutting fluid including 
viscosity, lubricity and service life (Marinescu and Rowe, 2004). Mineral oil cutting 
fluids have excellent lubricity but they are far less efficient at cooling when compared to 
water based cutting fluids. 
 
Neat oil cutting fluids are also “CBN” friendly, an important factor when using 
superabrasive grinding wheels. The water in water soluble cutting fluids has a tendency 
to react with CBN, promoting grinding wheel wear (Carius, 1990; Malkin, 1989). Since 
neat oil cutting fluids contain no water, there is no such problem. 
 
Neat oil cutting fluids, in common with water soluble cutting fluids tend to contain EP 
additives to enhance the performance in the high pressure contact conditions found in 
cutting and grinding. These will be discussed later in section 2.4.6 
2.4.2.2 Vegetable Oils 
 
Neat mineral oils are not the only type of neat oil cutting fluid available. Vegetable oils 
are increasingly being promoted as an “environmentally friendly option”, but there is 
general agreement within industry that they as simply not suitable for grinding 
applications. 
 
This appears to be borne out by findings by Suda et al (2002) who found that whilst 
these types of fluids may be biodegradable, their performance in two different standard 
lubrication tests was poorer than ester based synthetic products. Furthermore Suda et al 
(2002) found that the vegetable oil tested, performed poorly in an oxidation stability test 
in comparison to ester based cutting fluids, which means the useful service life and 
storage life of these fluids is questionable.   
2.4.2.3 Organic Ester based Synthetic Neat Oils 
 
Ester based synthetic neat oils can be considered as relatively new products aimed at 
applications where mineral oils are less than satisfactory (Marinescu and Rowe, 2004). 
Ester based fluids are manufactured by synthesising acid with alcohol, a reaction which 
produces the organic ester and water (see figure 2.15). This, however, is not a one way 
operation, and in the presence of water, esters can revert back to the base elements of 
acid and alcohol. (Bock, 2004)  
 
This deterioration can ultimately determine the service and storage life of the fluid and 
the change in acidity of the fluid must be monitored to ensure that it is still in good 
condition. Such deterioration is especially important in processes where cutting fluid 
usage is minimised as fluid consumption is low. In these situations the cutting fluid 
must remain stable for long periods of time (Suda and Yokota, 2002). 
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In general organic ester based neat oils offer good thermal, oxidation and lubrication 
stability, and whilst relatively expensive, costing approximately 10 times more than 
mineral oils (Marinescu and Rowe, 2004), ester based fluids offer a good compromise 
between cost and performance when compared to other types of synthetic neat oils such 
as silicon based compounds and hologenate organic compounds, which can be between 
20 and 250 times more costly in comparison to mineral oils (Marinescu and Rowe, 
2004). However, it should be noted that recent, well publicised increases in the cost of 
oil, which have reduced the cost differential between neat mineral oil and organic ester 
lubricants. 
 
 
 
Figure 2-15 Synthesis of Ester Based Synthetic Oils (Bock, 2004) 
2.4.3 Water Miscible Fluids (Water based Emulsions) 
 
An emulsion is a suspension of oil droplets in water made by blending the oil with 
emulsifying agents or other materials. The high specific heat capacity, high thermal 
conductivity, and high heat of vaporisation makes these types of fluid the most effective 
cooling media known (Silliman and Perich, 1992). Water miscible fluids offer less rust 
control and corrosion inhibition than neat oil cutting fluids (mineral oil or synthetic) due 
to the introduction of water, though these fluids may contain anti-corrosion additives 
which can prevent the onset of any corrosive activity for almost one week (Silliman and 
Perich, 1992). 
 
The viscosity of water based fluids is extremely low, almost equal to water, and as a 
result, its inherent film strength and lubricity are substantially lower than neat cutting 
oils resulting in higher abrasive wear of the grinding wheel. The short comings of water 
based fluids in heavy grinding operations such as thread and crush grinding, where 
wheel form must be maintained, has long been known (Silliman and Perich, 1992).  
 
There is a further problem associated with the use of water based fluids in conjunction 
with CBN grinding wheels as there is a tendency for CBN to react with high 
temperature water (Carius, 1990; Malkin, 1989). This can result in accelerated 
breakdown of the abrasive CBN grits and the subsequent reduction in wheel life. 
 
Partly due to their relatively low initial costs, water soluble cutting fluids have far 
greater acceptance in industry. However, whilst they may be considered as being 
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acceptable for most grinding applications, the poor lubrication properties of water based 
cutting fluids result in higher grinding forces, higher specific grinding energy and 
higher grinding wheel wear. Even the very best, heavily lubricated emulsions still 
require approximately 20-25% more grind power in comparison to neat oils with 
lubrication additives, which can result in greater thermal stress in the workpiece.   
 
Water based cutting fluid systems require constant monitoring if their performance is to 
be maintained, and this can prove expensive, though in practice this rarely happens. The 
concentration of the emulsion varies over time, and requires frequent checking and 
replenishment as the water evaporates. Bacteriological activity is also a problem, which 
not only poses a health and safety risk, a subject that will be discussed later, but actually 
reduces the performance of the fluid. Hallet et al (1998) reported that this deterioration 
of fluid performance could lead to grinding burn, if the biocide level in the fluid was too 
low. On the other hand, oil based fluid systems are generally considered to be 
maintenance free, though as will be shown later on in this thesis, this is not strictly true. 
However, neat oil cutting fluid systems are much less maintenance intensive than water 
based cutting fluids. 
 
The performance of the water based fluids can also vary with local water supply, with 
additional antifoam additives needed if the water is soft, or additional anti-corrosion 
additives needed if the water is hard.  
2.4.4 Extreme Pressure (EP) Additives 
 
In order to enhance the lubrication performance of cutting fluids, extreme pressure (EP) 
additives are extensively used in both neat oil and water soluble cutting fluids to 
provide tougher more stable solid film lubrication. This is achieved by a chemical 
reaction between the EP additive and the highly reactive, freshly machined surface 
which results in a high load carrying film being generated between the workpiece and 
tool that prevents welding of the surfaces (Kajdas, 1989), effects lower cutting / 
grinding forces, reduces chip thickness and improves surface finish (Silliman and 
Perich, 1992).  
 
The high localised temperatures found in machining and grinding operations helps to 
activate and promote this process, but the very high temperatures found in HEDG mean 
that EP activated cutting fluids containing reactive sulphur, chlorine or phosphorous 
components are preferred over fluids containing milder EP additives such as fatty acids 
or soaps, which are more suited to less severe operations (Kajdas, 1989). The activation 
temperatures of different EP additive types can be seen in figure 2.16. 
 
Chlorinated paraffin extreme pressure additives have been extensively used in 
metalworking fluids for a number years, though their use is becoming increasingly 
unpopular due to environmental, and health and safety concerns. As a result, their use is 
being restricted and many cutting fluids are now employing alternative EP additives 
such as sulphur, phosphorous and sometimes esters (Jones, 2004). 
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Figure 2.16 Active temperature ranges of extreme pressure (EP) additives commonly used in cutting 
fluids. (Kajdas, 1989) 
2.5 Factors Associated with the Use of Cutting Fluids 
2.5.1 Health and Safety  
 
The use of cutting fluids in material removal processes can pose significant health and 
safety risks. Any cutting fluid that generates a mist, whether it be water or oil based, 
may cause respiratory ailments such as chronic bronchitis, occupational asthma and loss 
of lung function (Sutherland and Kulur, 2000). Prolonged exposure may cause cancer of 
the oesophagus, stomach, pancreas, larynx, colon and rectum (Gunter and Sutherland, 
1999). It is for this reason that there are strict limits on the amount of mist a machine 
operator can be exposed to. In the UK these limits stood at 3mg/m
3
 for oil based cutting 
fluids and 1mg/m
3
 for water based cutting fluids (Health and Safety Executive, 2002) 
but at the time of writing it understood these limits are under review.  
 
There is also a serious hazard of skin dermatitis when water based fluid systems are 
used (Howes and Tonshoff, 1991) and they are always susceptible to bacteriological 
activity that can be potentially damaging to health (Horner, 2003; Coughlin and 
Williams, 1992). Water based fluid systems therefore require the use of anti-bacterial 
agents that require frequent checks and possible replenishment, with the subsequent 
impact on full life cycle costs.  
 
It was however a very serious fire hazard that was one of the principal motivations for 
this research project. Both Cranfield University and Holroyd have witnessed a number 
of machine fires associated with the use of neat oil with HEDG. This fire hazard 
continues to be of great concern not only because of the serious risk to personal safety, 
but it also prevents greater acceptance of HEDG within industry.  
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2.5.2 Economic Costs 
 
Cutting fluids represent a significant proportion of the total manufacturing costs, with 
surveys showing that between 7%-17% (Klocke and Eisenblatter, 1997) of the total 
production costs are attributable to the use of cutting fluids when the cost of purchase, 
maintenance and waste disposal are taken into consideration. Some suggest that the cost 
is even higher, nearly 20% (Brinksmeier and Brockhoff, 1997) and whilst these figures 
may be reasonably old, both sets of results were published in 1997, it is clear there are 
significant costs associated with the use of cutting fluids. 
 
 
 
 
 
Figure 2-17 Crankshaft Manufacturing Costs for a German Automotive Manufacturer (Brinksmeier 
and Brockhoff, 1997) 
The uppermost pie chart, shows the total manufacturing cost breakdown for a German automotive 
manufacturer, whilst the second pie chart (bottom left) gives the cost breakdown associated with the use 
of cutting fluids. 
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2.5.3 Environmental  
 
In recent years the environmental impact of all lubricants, which obviously includes 
cutting fluids, has lead to a raft of legislation being introduced aimed at minimising any 
potential ecological damage. For instance European legislation has forced the removal 
of nitrite from cutting fluids as well as short chain chlorinated paraffin’s which were 
used for as extreme pressure additives (Bartz, 2001).   
 
However, legislation is not the only factor forcing both the manufacturers and end users 
of cutting fluids to investigate what impact cutting fluids have on the environment. 
Bartz (1998) lists a total of five drivers which are: 
 
1) Environmental Facts 
2) Public Awareness 
3) Government Directives and Regulations 
4) Globalisation of Markets 
5) Economic Incentives 
 
Environmental facts and public awareness of these facts go hand in hand in putting 
pressure on companies to adopt more environmentally conscious policies. Government 
legislation on the other hand tends to force companies to reduce the toxicity of all waste 
including cutting fluids being returned to the environment and to increase the 
biodegradability of their waste products (Bartz 1998). 
 
In recent years a number of environmentally friendly biodegradable cutting fluids have 
been introduced into the market. A biodegradable cutting fluid is one where micro-
organisms can ingest and metabolise the fluid and essentially return it to nature. 
However, for total biodegradability to be achieved all the components of the fluid need 
to be completely broken down. If one or more components of the fluid cannot be broken 
down, then it is considered to be only partially biodegradable (Bartz 1998). 
 
The biodegradability of a cutting fluid can be measured, but unfortunately several 
different standards and testing methods exist to generate the required data. This can lead 
to some confusion over what “biodegradability” actually means. However, an 
International Standard – ISO 15380 does exist, and this standard stipulates that at least 
60% of the major components of the cutting fluid, for example the base fluid used to 
manufacture the cutting fluid has biodegraded after 28 days (Battersby, 2004). 
 
2.6 Non Conventional Cooling Media 
 
In recent years there have been studies carried out to test more exotic methods of 
cooling and/or lubricating the grinding zone. Cryogenic cooling fluids, solid lubricants 
and compressed air have all be proposed and used to varying degrees of success. All 
have limitations when applied to HEDG. The following is a brief list of these methods 
and some of the limitations.  
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2.6.1.1 Cryogenic Cooling  
 
As the name suggests this involves applying super cooled nitrogen to the grinding zone 
to control the workpiece temperature but unfortunately this technique can adversely 
affect the accuracy of the grinding machine. The super cooled nitrogen being applied to 
the workpiece can set up large thermal gradients with the machine structure and 
consequently seriously impair the dimensional accuracy and stability of the machine 
tool.  The cost of liquid nitrogen also makes the process uneconomical for normal 
grinding processes (Paul and Chattopadhyay, 1995) and there are problems associated 
with grinding wheel wear and the subsequent reduction in wheel life due to the low 
lubrication properties of liquid nitrogen.  
2.6.1.2 Solid Lubricants  
 
Solid lubricants such as graphite and molybdenum disulphide have been suggested as 
possible alternatives to cutting fluids as way of providing lubricant to the grinding zone. 
Shaji et al (2002, 2003) attempted to use graphite as a lubricant and whilst finding that 
this offered good lubrication properties there were problems associated with wheel 
loading as there was no mechanism for flushing away grinding debris and cleaning / 
scrubbing the grinding wheel. 
 
In an attempt to overcome these problems, Jarleton (2003) conducted an investigation 
into the use of molybdenum disulphide solid lubricant in conjunction with conventional 
cutting fluids (neat oil and a water based cutting fluids) applied purely for the purposes 
of cleaning the grinding wheel.  
 
Whilst Jarleton (2003) did conclude that solid lubricants were preferable to water based 
cutting fluids for both the shallow cut and HEDG regimes, their use resulted in a 
reduction in the specific grinding energy as well as a reduction in the grinding power, 
he found their use was more problematic in the creep feed regime as there was a 
significant rise in the workpiece temperature. This may have been attributable to the fact 
the both the grinding power and the specific grinding energy increased when solid 
lubricants were used in the creep feed regime. However since over 90% of the thermal 
energy is removed by the fluid in creep feed grinding, the fact that solid lubricants offer 
little or no cooling probably explains the significant rise in the workpiece temperature. 
 
Jarleton (2003) also found there was no significant difference in the specific grinding 
energy or grinding power when solid lubricants were used in comparison to 
conventional neat oil cutting fluids for the shallow cut, creep feed or the HEDG 
regimes. This result is, however, hardly surprising when one considers that the neat oil 
cutting fluid used for these particular investigations contained extreme pressure 
additives specifically designed to activate at the temperatures found in the grinding zone 
and would have therefore formed stable solid film lubricants in the grinding zone.  
 
Furthermore Jarelton (1993) showed that all the benefits attributable to the use of solid 
lubricants in comparison to water based cutting fluids were equally valid when neat oil 
cutting fluids were used without the increase in surface roughness that was experienced 
when using solid lubricants during these investigations. 
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2.6.1.3 Air / Oil mists  
 
This technique is more normally associated with cutting operations such as some 
milling and precision diamond turning operations, but it also has been used in some 
grinding operations. A very light, low viscosity lubricant is normally used which readily 
atomises to a fine air / oil mist that can de directed very precisely to the cutting or 
grinding interface. The technique has been used with some success for small material 
removal rates, but lubrication is not sufficient when higher material removal rates are 
employed. 
 
There is an additional problem associated with air / oil mists which is the deliberate 
atomisation of light cutting oils. This can produce an extremely volatile atmosphere 
within the machine which can ignite when in contact with hot surfaces or grinding 
sparks. There are also health and safety risks associated with the use of air / oil mists, a 
subject that was discussed in section 2.5.1. 
2.6.1.4 Water  
Since cooling is an important function of the cutting fluid, pure water (as opposed to 
water based emulsions) has occasionally been used. Water however offers very poor 
lubrication which can lead to excessive wheel wear, and excessive workpiece 
temperatures especially at higher material removal rates. Secondly, pure water will 
corrode ferrous workpieces and it can also quickly corrode the machine structure of the 
grinding machine leading to increased maintenance costs. 
2.6.1.5 Dry Grinding 
 
Dry machining and grinding processes have for some time been seen as potentially 
ecologically friendly and economical manufacturing processes where cutting fluids are 
not used. Future environmental and occupation health and safety legislation coupled 
with the increasing costs of waste disposal makes dry machining an attractive 
proposition, and in time industry may be compelled to implement dry processes 
(Sreejith and Ngoi, 2000).  
 
Dry machining or cutting processes are the most common, often using special self 
lubricating coatings applied to the cutting tools (Byrne and Dornfeld, 2003) to minimise 
friction and thus heat generation. Salmon (2000) refers to the example of Daimler Benz 
where a 16% cost saving was achieved by dry machining. Whilst this may have been a 
conventional metalworking process, it still generated considerable excitement within the 
industry and the cost saving is often quoted. 
 
There are however significant disadvantages with dry grinding such as the higher 
contact temperatures, higher grinding forces and lower wheel life attributable to the lack 
of lubricant and the resultant increase in thermal wear, dust generation and a lack of 
corrosion protection for both machined ferrous surfaces and possibly even the machine 
structure (Salmon, 2000). In truth cutting fluids are a vital ingredient in the majority of 
grinding operations, and the heavy machining nature of HEDG means the use of cutting 
fluids are indispensable. 
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2.7 Cutting Fluid Application 
 
Cutting fluids have traditionally been applied in “a lot help a lot” manner despite the 
fact that only a small fraction of the cutting fluid actually penetrates the grinding contact 
zone and performs “useful work” (Brinksmeier and Brockhoff, 1997).  In many 
industrial applications, cutting fluid is applied to the cutting zone using a wide variety 
of different designs with varying degrees of sophistication. The “bent pipe” approach is 
quite common, consisting of nothing more than an open section of pipe bent in such a 
way as to direct the fluid stream towards the grinding zone. Various designs of 
fabricated rectangular nozzle are also common, usually in the form of a “slit” nozzle, 
whereby the nozzle aperture is relatively narrow in comparison to the overall width, 
designed in an attempt to produce a relatively flat stream of cutting fluid to cover the 
active surface of the grinding wheel.  
 
Applying the cutting fluid through the grinding wheel has also been proposed (Graham 
and Whiston, 1978; Sun and Xu, 2002), and whilst such an approach appears to work 
relatively well in reducing the grinding zone temperature in creep feed grinding thereby 
allowing higher material removal rates to be achieved (Sun and Xu, 2002), there are two 
major practical considerations which make through wheel fluid application difficult to 
apply in industrial applications. The first of these is the cleanliness of the cutting fluid. 
If the fluid is poorly filtered, then the grinding wheel itself can become clogged and the 
system will crease to function altogether (Graham and Whiston, 1978). This is a 
particular problem when using conventional grinding wheels, but the problem is also 
applicable to superabrasive grinding wheels if the ports in the grinding wheel are 
relatively small. Secondly, and perhaps more importantly when considering the HEDG 
regime, through wheel fluid application tends to produce disproportionately high levels 
of cutting fluid mist (Graham and Whiston, 1978). 
 
Irani and Bauer (2005) performed an extensive review of the many different types of 
cutting fluid application methods and divided them into common and uncommon 
methods. Irani and Bauer (2005) describe two different common method of fluid 
application, the first is the coherent jet nozzle the second being the shoe nozzle, and 
these will be discussed separately below.  
2.7.1 Coherent Jet Nozzle 
 
The coherent jet nozzle (Cui, 1995) produces a highly coherent, laminar steam of 
cutting fluid that can be accurately focused toward the grinding zone. This is shown in 
figure 2-18, and it is important, for if the cutting fluid is to be effective in cooling and 
lubricating the grinding zone it is essential that it is directed properly into the grinding 
zone (Webster and Cui, 1995). 
 
The design of the coherent jet nozzle is fundamental in producing a highly coherent, 
laminar stream of cutting fluid.  The internal shape of the nozzle should have a high 
contraction ratio from inlet to outlet as shown in figure 2-19. The internal surfaces of 
the nozzle, past which the cutting fluid flows, should be smooth and concave and the 
nozzle aperture should have sharp corners Irani and Bauer (2005). 
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Figure 2-18 Coherent Jet Nozzle fitted to the Edgetek SAM Machine (Courtesy of Cranfield 
University) 
Whilst it is relatively easy to produce round nozzles to this design, it is also possible to 
make rectangular coherent jet nozzles designed to provide a wider coverage of the 
active surface of the grinding wheel. However, manufacturing these nozzles is more 
complex, and as a result it is normal to produce either a large single round nozzle to 
provide sufficient coverage, or to use a number of smaller nozzles (Irani and Bauer, 
2005). 
 
 
Figure 2-19 Coherent Jet Nozzle (Cui 1995; Webster and Cui, 1995) 
 
Over recent years, these particular nozzles have become increasingly popular due to 
their high performance in a variety of conditions in both academic, but perhaps more 
importantly, industrial applications where the simplicity and robustness of the design 
makes them relatively easy to implement. An important factor in this is the fact that the 
effectiveness of the nozzle is relatively insensitive to the angle at which the fluid is 
applied to the grinding wheel thus simplifying machine set-up (Webster and Cui, 1995).  
 
Furthermore, because the jet is highly coherent, it can still apply cutting fluid accurately 
to the grinding zone even when positioned a relatively large distance, over 300mm, 
from the grinding zone (Webster and Cui, 1995). This is an extremely important factor 
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when selecting cutting fluid nozzles, as in many industrial applications, such as 
camshaft and crankshaft grinding for example, a large amount of tooling is used to 
clamp and hold the component. There may also be a significant number of gauges used 
for in-process measurement of the part. The ability to be able to position the nozzle a 
significant distance from the grinding zone is an important consideration, as this may 
significantly simplify the design of the tooling and gauging used on the machine. 
 
However, the use of a coherent jet nozzle does not guarantee a highly laminar stream of 
cutting fluid will be applied to the grinding zone. If the pipe work used to connect the 
nozzle to the cutting fluid delivery system has a number of changes in bore diameter, or 
there are a number of elbows used in the system, it can have an adverse effect on the 
coherency of the jet. It is important to minimise any elbows and any changes in 
diameter in the pipe work used in the supply line to these nozzles, and if necessary flow 
conditioners can be used. These can make a significant improvement to the uniformity 
of flow and thus the coherency of the jet.  
 
2.7.2 Shoe Nozzles 
  
A shoe nozzle is a low pressure method of applying cutting fluid to the grinding zone, 
an attractive proposition as high pressure pumps can be extremely costly. A shoe nozzle 
fits over the grinding wheel and covers not only the active surface of the grinding 
wheel, but also both side walls of the wheel (Brinksmeier and Heinzel, 2000). Very low 
pressure cutting fluid is then supplied to the shoe nozzle where it is applied directly to 
the grinding wheel, effectively coating the wheel with a layer of cutting fluid. The fluid 
is then accelerated up to the wheel speed by the grinding wheel itself as it travels 
through the nozzle. The cutting fluid then exits the shoe nozzle, clinging to the surface 
of the grinding wheel whilst travelling at circumferential wheel velocity before entering 
the grinding zone (Klocke and Baus, 2000).  
 
Shoe nozzles have been proven to be very effective as they can maximise the amount of 
cutting fluid entering the grinding zone, whilst minimising the total amount of cutting 
fluid used (Klocke and Baus, 2000). However, it is important to note that the amount of 
fluid supplied to the shoe nozzle is largely determined by the closeness of the fit 
between shoe nozzle and the grinding wheel. If the gap between the shoe nozzle and the 
grinding wheel is large, fluid flow rates can be very high. 
 
Furthermore, unless the gap between shoe nozzle exit point and the grinding zone is 
kept to a minimum, the grinding fluid can be spun off the grinding wheel because of the 
centrifugal force. This can result in a reduction in the amount of fluid entering the 
grinding zone, and an increase in the mist level within the machine. 
 
There are many different designs of shoe nozzle. Ramesh and Yeo (2001) developed a 
shoe nozzle with 3 adjustable orifice jets to improve the cutting fluid application when 
grinding with CBN grinding wheels and this is be shown in figure 2-20. The first jet 
disrupts the air curtain surrounding the grinding wheel, with the second orifice 
supplying the cutting fluid which coats the grinding wheel surface. The third orifice 
sends cutting fluid directly into the grinding zone. Tests performed with this nozzle 
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showed a 40-60% reduction in the grinding forces and an improvement in the surface 
finish in comparison with a conventional coolant application set-up. 
 
 
Figure 2-20 Shoe Nozzle for High Efficiency Grinding (Ramesh and Yeo, 2001) 
2.7.3 Minimum Quantity Lubrication  
 
No discussion of cutting fluid application would be complete without considering the 
concept of minimum quantity lubrication, or MQL as it is more commonly known. It is 
often considered simply as a method of applying cutting fluid as an air/ oil mist to the 
tool / workpiece interface as discussed previously in section 2.6.1.3. However, this is 
not a fair reflection of MQL, as it is a philosophy of applying just enough lubricant to 
the grinding zone (or tool / workpiece interface in cutting processes) to ensure proper 
lubrication.  
 
Shoe nozzles have been proposed as a suitable method for applying minimum quantity 
lubrication in grinding operations (Klocke and Baus, 2000; Klocke and Beck, 2000), but 
air oil mist have also been used, supplying 0.5ml/min of cutting fluid to the grinding 
zone (Brinksmeier and Brockhoff, 1997) albeit when grinding at very low specific 
removal rates, typically less than 15mm
3
/mm.s. 
 
It is typical in many grinding operations to apply significant volumes of cutting fluid. 
Flow rates of tens if not hundreds of litres per minute are common even though it is well 
known that only a small proportion of this ever enters the grinding zone. When using a 
CBN grinding wheel in conjunction with a shoe nozzle, Klocke and Beck (2000) states 
that only flows of less than 0.5l/min per mm of grinding wheel width can be forced onto 
the grinding zone. If the cutting fluid delivery rate is higher than this, the extra cutting 
fluid does not enter the grinding zone, but flows unused past the contact point. Flows 
exceeding 0.5l/min per mm of grinding wheel width merely acts as a parasitic loss, not 
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only due from a fluid delivery system perspective, but also due to an increase in the 
normal grinding force. 
2.8 Component and Surface Quality 
 
Thermal damage and its avoidance is an important theme running throughout this thesis. 
This topic and the more widely understood aspects of workpiece quality, such as the 
achievement and maintenance of predetermined dimensional, form and surface finish 
tolerances will be discussed in the following sections. 
2.8.1 Thermal Damage 
 
It is well known that excessive heat generation in the workpiece surface of a ground 
component, caused by improper or abusive grinding conditions, may result in thermal 
damage to the workpiece. Poor selection and application of cutting fluids also play an 
important role in determining whether thermal damage occurs (Howes and Gupta, 
1990). 
 
Thermal damage of the workpiece surface includes “burn”, a general term to describe 
several different types of damage caused by high temperatures and the formation of 
tensile residual stresses (McCormack and Rowe, 2001). 
2.8.1.1 Grinding Burn 
 
Excessive workpiece temperature during grinding can cause the formation of surface 
oxidation and subsurface metallurgical changes. These changes fall in to three 
categorises (McCormack and Rowe, 2001). 
 
 Surface Oxidation 
 
 Re-hardening Burn 
 
 Overtempering / Temper Burn 
 
McCormack and Rowe (2001) provide a very through examination of the different 
categories of workpiece burn which is summarised in the following paragraphs. 
 
Surface oxidation is the discolouration of the workpiece surface similar to the temper 
colours produced during standard heat treatment processes, though the temper colours 
are produced at quite different temperatures. The thickness and colour of the oxide layer 
is determined by both time and temperature and, for normal grinding wheel speeds, are 
higher than one would find in standard heat treatment. This is because the workpiece is 
exposed to high temperatures for a significantly shorter time period, typically a few 
milliseconds, in comparison to standard heat treatment.  
 
The presence of a slight oxide layer, which can be removed by polishing, may or may 
not be detrimental to the reliability of the workpiece, and will depend on the exact 
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function of the finished component. If the workpeice is a critical component, surface 
oxidation is unacceptable as it may be associated with more profound subsurface 
metallurgical and tensile residual stress problems. 
 
Re-hardening burn occurs if the workpiece material has already been hardened and 
tempered. When a grinding wheel passes over the workpiece, the surface layers are 
subjected to rapid heating and then cooling. If the grinding temperature is sufficiently 
high to allow the formation of austenite, when the wheel has passed, the surface cools 
rapidly at a rate faster than the critical cooling rate of the material which results in the 
rehardening. The rapid cooling is a combination of bulk cooling from the workpiece, 
and depending on the fluid application strategy employed, the quenching action of the 
fluid (Walton and Stephenson, 2006). 
 
The cooling can be so fast, that there is insufficient time for transformation to any phase 
but martensite which is not controlled by diffusion but is driven by the cooling action. 
Rehardening may result in the formation of untempered martensite (UTM) or white 
layer which is extremely brittle and may reduce the service life of the component (Shaw 
and Vyas, 1994) 
 
In less severe grinding operations, one where the grinding temperature exceeds the 
original tempering temperature of the previously hardened workpiece material, but is 
insufficiently high as to cause a phase transformation in the material, then 
overtempering or “temper burn” will occur. The will cause the surface layer of the 
workpiece to be softened, and this can lead to a reduction in the wear resistance of the 
component (McCormack and Rowe, 2001). 
 
2.8.2 Residual Stress 
 
Compressive residual stresses have a beneficial effect on the fatigue life of dynamically 
loaded components which can be significantly reduced if micro-cracks and or tensile 
residual stresses are present. (Snoeys and Leuven, 1978) 
 
Residual stress is defined as the stress which would exist on an elastic body if all the 
external load, acceleration or gravitational forces were removed (Heindlhofer, 1948). 
Residual stress in grinding is brought about either as a result of thermal expansion or 
contraction during the process or as a result of the load exerted on the workpiece surface 
by the grinding wheel. Both cause permanent deformation of the material and as a result 
the residual stress persists at room temperature (Heindlhofer, 1948) and can therefore be 
measured. Residual stresses in the workpiece surface layer affect the service life of the 
component, with tensile residual stresses tending to promote micro cracking of the 
workpiece surface layer and a subsequent reduction in service life.  
 
Balart and Bouzina et al (2004) describes the different thermo-mechanical effects which 
generate residual stress in the workpiece as a result of the grinding process as follows:  
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1 Mechanical deformation. Loads from the grinding wheel result in plastic 
deformation of the workpiece surface giving rises to compressive residual 
stresses. 
 
2 Thermally induced plastic deformation. High temperatures in the contact 
zone can rapidly heat the surface layers of the workpiece. The surface layers 
are however constrained by the bulk material and the grinding wheel which 
results in stresses being generated. If these stresses exceed the yield point of 
the workpiece material (which reduces significantly with increasing 
temperature) then plastic deformation occurs. On cooling, the expanded 
surface layer contracts which results in the generation of tensile residual 
stresses.  
  
3 Phase transformations in Hardened Steels. Quenched and tempered steels 
have a tempered martensite microstructure. During grinding the workpiece 
surface is exposed to a steep temperature gradient, which can cause over-
tempering or tempered burn at temperatures below the austenitising 
temperature if the material. Alternatively, rehardening burn can occur if the 
grinding temperature exceeds the austenitising temperature, where austenite 
forms and then transforms to untempered martensite when the workpiece 
surface is rapidly quenched by the cutting fluid. Both phase transformations 
involve rapid volume changes, resulting in tensile stresses in the 
overtempered martensite layer or compressive stresses in the untempered 
martensite layer.  
2.8.2.1 Measurement of Residual Stress 
 
A common method of measuring residual stress is by X-Ray diffraction (XRD) which 
works on the principle that parallel sets of planes in any given crystalline structure can 
be used as diffraction grating in much the same way that fine parallel line on a surface 
can be used to diffract light (Dowdell and Jerabek, 1943). The actual spacing between 
the planes in the crystalline structure is determined by chemical composition and 
physical conditions such as temperature and stress. It is possible to control all other 
effects on the plane spacing except that caused by stress, and therefore a unique linear 
correlation can be established between the distance between the planes of a crystal and 
the residual stress or strain. (Heindlhofer, 1948) 
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Figure 2-21 Basic Principle of XRD Residual Stress Measurement.( Brundle and Evans, 1992) 
 
2.9 Summary 
 
In order to compare the relative performance of different cutting fluids for use with the 
High Efficiency Deep Grinding process, it was important to first identify the attributes 
of the cutting fluid which had a thermal impact on the grinding process. 
 
A cutting fluids ability to remove heat and its ability to reduce heat generation by means 
of it lubricity are the most obvious attributes that have an impact on the grinding 
process. However, the cutting fluid misting and ignition characteristics also have a huge 
impact on the grinding process, especially in the HEDG regime when oil cutting fluids 
are used, as the material removal rates may need to be limited in order to reduce the fire 
hazard posed by the process. 
 
The attributes of the fluid that impact on the grinding process are: 
 
 Convection Coefficient (cooling effectiveness) 
 Lubricity 
 Ignitability 
Misting 
 
Once these attributes were established a program of standardised comparative tests 
needed to be developed in order to allow fair and unbiased comparison between 
different fluids. 
 
 51 
The test program consists of the following tests: 
  
Convection Coefficient 
 
 Fluid Ignition 
 
Fluid Misting 
 
 Fluid Lubrication 
 
 Grinding Performance 
 
These tests, and the results generated by these tests will be discussed in the following 
chapters, starting with the tests to establish the convection coefficient of different 
cutting fluids which are presented in chapter 3. 
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3 Convection Coefficient 
 
3.1 Introduction 
 
The convective heat transfer coefficient of a cutting fluid, or convection coefficient for 
short, is the measure of a cutting fluids ability to remove heat from the grinding zone. 
Accurate values of this parameter are therefore hugely important if we want to calculate 
how much of the total heat energy generated by the grinding process is removed by, or 
partitioned to, the cutting fluid and subsequently calculate how much energy enters the 
workpiece, as the amount of heat energy entering the workpiece in large part determines 
the likelihood of any thermal damage.  
 
Accurate values of the convection coefficient are also important if one wishes to 
compare the cooling effectiveness of different cutting fluids and if one wants to reliably 
model the grinding process. Modelling such a difficult and complex multivariable 
process such as grinding is extremely valuable, as not only does it allow the impact of 
process variable changes to be assessed, but such a model can also be used as an online 
monitoring system. Monitoring a single, easily measurable parameter such as grinding 
power can be used to detect problems within the process at an early stage, thus reducing 
potentially costly scrap and rework. 
 
Unfortunately, as stated previously, the measurement of the convection coefficient is 
not simply a matter of measuring the thermal properties, the thermal conductivity for 
example, of the cutting fluid in question. Other factors such as grinding wheel speed 
and depth of cut also play an important part in determining this vital process parameter. 
These will be discussed in greater detail later in this chapter.  
 
It has proved extremely difficult to obtain precise values of the convection coefficient, 
and even an order of magnitude estimation has proved to be troublesome (Jin and 
Stephenson, 2003a). A theoretical study on the subject published by Jin et al proposing 
that the magnitude of the convection coefficient should be significantly higher than had 
previously been thought (Jin and Stephenson, 2003a), but this study lacked good 
independent experimental data to corroborate these findings.  
 
In order to correct this, a special inclined thermocouple test rig was designed at 
Cranfield University to measure the amount of heat energy entering the workpiece, and 
thus indirectly establish the convection coefficient of the cutting fluid with the specific 
aim of validating the high values of convection coefficient that were predicted. The 
design of this test rig is shown in figure 3-1, and was assembled and used in a series of 
grinding trials aimed at establishing this vital parameter for a range of different cutting 
fluids. 
 
Before discussing the experimental aspects regarding the “measurement” of the 
convection coefficient, a thermal model of the grinding process will be presented to 
show the mathematical relationships in the grinding process and thus show the 
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importance of this parameter within grinding and thus put this body of work into 
context. 
 
 
Figure 3-1 Inclined Thermocouple Test Rig 
3.2 The Thermal Model 
 
The literature review introduced some important elements of the thermal model such as 
energy partitioning and the convection coefficient of the cutting fluid. The concept of 
considering grinding as a thermal process is important in putting the principle of a 
cutting fluid application strategy, based upon the thermal characteristics of the cutting 
fluid, into context. Consequently the thermal model is a vital tool used throughout this 
project in helping to determine the direct thermal impact of different cutting fluids. The 
following section is therefore dedicated to showing, step by step, the mathematical 
relationships which are used in the modelling process. 
 
The first step in the thermal model is to calculate the thermal property of the cutting 
fluid which is given by (Rowe, 2001): 
 
Equation 3-1  
 
 k  c( )  
 
where:  
 
β = thermal property of the cutting fluid  
k = thermal conductivity of the cutting fluid 
ρ = mass density of the cutting fluid  
c = specific heat capacity of the cutting fluid 
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The arc length of the grinding contact is calculated by equation 3-2 (Andrew and 
Howes, 1985) 
 
Equation 3-2  
lc a D( )  
 
where: 
 
a= depth of cut  
D = grinding wheel diameter  
 
as shown in figure 3-2. Using these equations and the grinding wheel speed, the 
convection coefficient can be calculated using the simple fluid wheel model introduced 
in the literature review. (Jin and Stephenson, 2003) 
 
Equation 3-3  
 
  
hf 0.94
Vs
lc

 
 
where: 
 hf = convection coefficient of the grinding fluid 
 β = thermal property of the grinding fluid  
vs= grinding wheel speed 
  lc = contact length of the grinding arc 
 
Figure 3-2 Schematic illustration of the grinding process. 
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3.2.1 Estimation of the Contact and Finish Surface Temperatures 
 
If no experimental data is available to calculate the specific grinding energy, it can be 
estimated using the following equation (Stephenson and Jin, 2003) 
 
Equation 3-4 
 ec = A x Q’w
-t
 J/mm
3 
 
Where A and t are constants based on the material, grinding wheel speeds and specific 
removal rates employed in the grinding process. Typical values for A and t when 
grinding steel with a CBN grinding wheel are shown in table 3-1.  
 
 
Workpiece/ Abrasive A T vs(m/s) 
Steel/CBN 70 0.25-0.4 100~150 
 
Table 3-1 Constants for calculation of the specific grinding energy when using equation 3-4.
 (Stephenson and Jin, 2003)
 
 
This particular equation is very important in HEDG, as it shows that the specific 
grinding energy, a measure of process efficiency, decreases exponentially with 
increasing specific removal rate. This relationship was first introduced in figure 2.2. As 
a consequence, process efficiency improves at higher specific removal rates, as less 
energy is required to remove each unit volume of material. 
 
The preferred method of calculating the specific grinding energy is, however, to use real 
experimental values of net grind power. These are values of grind power with the 
influence of the cutting fluid removed.  If grind power data is available, the specific 
grinding energy can be calculated using the following equation (Stephenson and Jin, 
2002) 
Equation 3-5 
  
  ec =   Pnet / (vw. b. a) 
 
where: 
 ec = specific grinding energy 
 Pnet = net grind power 
vw= workpiece feedrate   
 b = width of grinding wheel 
 a = depth of cut 
 
It is important at this point to make the distinction between total grind power and net 
grind power and the significance of this difference. Total grind power is the amount of 
power drawn by the grinding spindle during grinding. This measured value comprises 
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not only the power drawn by the spindle motor to remove material from the workpiece, 
but also the power consumed by the hydrodynamic flow of cutting fluid between the 
wheel and workpiece. In order to establish the power consumed in removing material, 
the net grind power, the influence of the grinding fluid must be removed. (Jin and 
Stephenson, 2002) 
 
Special spark out tests are performed which determine the power consumed by the 
hydrodynamic flow of the cutting fluid. The test simulates the contact geometry of the 
real grinding process, but without removing any material from the workpiece. The spark 
out procedure involves running the grinding wheel at the prescribed grinding wheel 
speed and cutting fluid delivery parameters for several seconds along a stationary, 
preformed arc within the workpiece.  
 
The preformed arc within the workpiece is generated using the same depth of cut as the 
real grind conditions. Therefore, when the workpiece is stationary, no material is 
removed. Consequently the power consumed by the cutting fluid flow within the 
grinding zone can be determined.   
 
Once the specific grinding energy is known, the total heat flux generated by the 
grinding process can be calculated by: (Stephenson and Jin, 2003) 
 
Equation 3-6  
  
  
qt ec a
Vw
lc

 
 
where: 
 qt = total heat flux generated by the grinding process 
 a = depth of cut 
 vw = workpiece feedrate 
 lc = contact length of grinding arc 
 
The next step in the thermal model is to calculate the amount of energy partitioned to 
both the grinding wheel and the workpiece. The wheel/work partition ratio Rws is 
calculated by (Hahn, 1962) 
 
Equation 3-7  
  
Rws 1
0.97 Kg( )
 ro Vs( )
1
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where: 
 Rws = wheel / workpiece partition ratio 
 Kg = thermal conductivity of the abrasive grains 
 β = thermal property of the workpiece 
 ro = grain wear flat radius 
 vs = grinding wheel speed 
 
The conduction factor of the workpiece which helps to determine the amount of thermal 
energy partitioned to the work piece is calculated by (Jin and Stephenson, 2003a) 
 
Equation 3-8 
 
 
hw

c
Vw
lc

 
 
 
where: 
 
hw =conduction factor of the work piece  
β = thermal property of the work piece material  
c = a constant determined by the process parameters 
vw = workpiece feedrate 
lc =contact length of grinding arc   
 
The C constant is calculated using the circular arc contact heat source model for deep 
grinding (Jin and Rowe, 2001: Rowe and Jin, 2001). Alternatively, if both the Peclet 
number, a function of the material removal rate and the thermal characteristics of the 
work piece material, and the contact angle of the grinding process are known, values of 
the C-factor can be established from figure 3-3  
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Figure 3-3 Relationship between Peclet number and C-Factor. 
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The maximum contact temperature is calculated by (Jin and Stephenson, 2003a)
 
 
Equation 3-9 
Tmax To
qt qch
hw
Rws
hf
   Tmax<Tb       or      Tmax To
qt qch
hw
Rws
   Tmax>Tb    
 
where:  
To = ambient temperature,  
qt=total heat flux 
qch =  energy removed by the grinding chips 
hw= workpiece conduction factor 
hf= convection coefficient of the grinding fluid 
Rws= work/wheel partition ratio 
Tmax = maximum contact temperature 
Tb= threshold for film boiling  
 
The amount of energy removed by the grinding chip is calculated as follows (Rowe and 
Jin, 2001; Rowe, 2001a; Stephenson and Jin, 2003): 
 
Equation 3-10 
 
qch ech
a Vw( )
lc

 
where: 
 qch= heat flux entering the grinding chips 
 ech= limiting chip energy 
 a = depth of cut 
 vw= workpiece feedrate 
 lc = contact length of grinding arc  
 
The thermal model demonstrates some important principles in grinding. Equation 3-10 
shows the amount of heat energy (qch) removed by the grinding chips is proportional to 
the work speed (vw). It therefore follows that at low workpiece feed rates, such as those 
employed in creep feed grinding, the amount of heat energy removed by the ejected 
grinding chips will be almost negligible, and is therefore usually ignored (Jin and 
Stephenson, 2002).  
 
However, as the workpiece feedrate increases, the amount of energy removed by the 
grinding chips increases, so that at high work speeds the energy removed by the 
grinding chips can be very large. It is this mathematical relationship that helps explain 
the distinctive HEDG curve shown in figure 2-1 with the surface finish temperature 
decreasing at very high specific removal rates.    
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The thermal model also shows the importance of having accurate values of the 
convection coefficient of the cutting fluid. Without reliable values, whether they be 
estimated or obtained from actual experimental data, accurate prediction of the 
maximum grinding zone temperatures becomes impossible. 
 
3.3 Experimental 
 
Experiments were conducted on the straight surface grinding (SAM) machine using the 
inclined thermocouple test rig described earlier and shown in Figure 3-1. Essentially, 
the test rig consists of three Omega Type C02- K cement on K type thermocouples 
sandwiched in a split sensor block with a sacrificial sample mounted over the top. The 
split sensor block and the sacrificial sample all manufactured from the same material, in 
this case 51CrV4. All mating surfaces on the test rig and sacrificial samples were fine 
ground to get the best surface finish achievable in order to provide the best possible 
thermal contact.  
 
The Omega thermocouples, which are 10μm thick, were selected for their fast response 
time, typically between 2-5 milliseconds. The response time, or “time constant”, being 
the time required to reach 63.2% of an instantaneous temperature change. 
 
The whole assembly was then inclined at an angle of 12
o
 in relation to the grinding 
wheel. This effectively positions the thermocouples at increasing distances from the 
ground surface, once material has been removed from the sacrificial sample as a result 
of a plain grinding pass (see figure 3-4). This allows the temperatures at different depths 
from the ground surface to be measured. The sacrificial samples were 104mm long in 
the grind direction and 20mm wide. 
 
 
Figure 3-4 Inclination of the embedded thermocouples to the grind plane. 
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The data from both the thermocouples and a Hall Effect transducer measuring the grind 
power was collected using a National Instruments PCI6036E data acquisition system 
with dedicated Labview software at a sampling rate of 1000Hz, and collected data for 
30 seconds during each run. The grind power was monitored to allow the specific 
grinding energy to be calculated. The temperature within the workpiece was measured 
to allow the heat flux entering the workpiece to be established.  
   
Comparative tests were conducted using the neat oils, ester based synthetic and water-
based emulsion fluids listed in table 3-2, the data sheets for which are included in 
appendix 1. Tests were conducted at two different grinding wheel speeds, each at two 
different fluid delivery pressures (and hence flows) in order to establish the effect of 
these parameters on the performance of the fluid. The grind parameters and fluid 
delivery ranges are shown in table 3-3 
 
Fluid Description 
Castrol Ilogrind 600SP Neat Mineral Oil with EP additives. 9.8cst.@ 40
o
C 
Castrol ES1 Ester Based Fully Saturated Neat Oil. 27cst.@ 40
o
C 
Fuchs Plantocut 22SR Ester Based Partially Saturated Neat Oil. 22cst.@ 40
o
C 
Fuchs Plantocut 40SR Ester Based Partially Saturated Neat Oil. 40cst.@ 40
o
C 
Prolong Ultracut 1  Water Soluble EP Activated Cutting Fluid @ 10% 
Quakercool 2772LF Water Soluble Polymer Based Cutting Fluid @ 7% 
Castrol Hysol XH Water Soluble EP Activated Cutting Fluid @ 7% 
 
Table 3-2 Cutting Fluids Investigated during Convection Coefficient Experiments 
 
Grinding Conditions 
Grinding Machine Edgetek five-axis CNC grinder 
Grinding Mode Surface down-grinding 
Wheel Electroplated CBN, B252, diameter: 
200mm, width: 15mm wide 
Wheel Speed 50m/s 
Depth of cut 0.4mm 
Worktable Speed 1mm/s 
Cutting fluid See Table 3-2 
Work piece material Low Alloy Steel – 51CrV4  
Number of Repeats 4 
 
Table 3-3 Experimental Conditions for Convection Coefficient Experiments 
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Figure 3-5 Inclined thermocouple test rig assembled and fitted to the Edgetek SAM Machine 
a) grinding wheel 
b) coolant nozzle 
c) dynamometer 
d) inclined thermocouple test rig 
e) thermocouple compensating cable 
3.3.1 Calibration 
 
Figure 3-6 shows the layer of mica used to insulate the thermocouple from the bulk 
material of the workpiece. The mica and the layers of adhesive used to attach the 
thermocouples have a significantly different thermal conductivity than the surrounding 
material and that of the sacrificial workpiece mounted over the top of the 
thermocouples. In order to obtain accurate surface temperature measurements needed 
when calculating the convection coefficient (see equation 3.20), the test rig needed to be 
calibrated. This then allows the finish surface temperature to be extrapolated from the 
temperatures measurements recorded by the embedded thermocouples measurements in 
the body of the test rig.  
 
The calibration procedure was fairly simple. A water based cutting fluid was heated in a 
glass vessel with the temperature measured using a calibrated, hand held Omega 
HH506RA digital thermometer with a calibrated K type thermocouple. The cutting fluid 
was continually stirred in order to ensure a consistent temperature throughout. 
 
The cutting fluid was then carefully and steadily poured onto the surface of a pre-
ground sample mounted over the top of the thermocouples. The distance between the 
pre-ground surface of the sample and the thermocouples was measured and recorded. 
The temperature rise measured by the embedded thermocouples within the test rig 
a 
 d 
 c  e 
b 
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recorded using the same National Instruments data acquisition system detailed earlier. 
Data was recorded at 1000 samples per second for a total of 60 seconds by which time 
the temperature within the test rig had reached steady state conditions.   
 
 
Figure 3-6 Assembly of the thermocouples within the inclined thermocouple test rig 
Figure shows the layers of mica and glue surrounding the thermocouple in the inclined thermocouple test 
rig assembled which act as layers of insulation. These layers alter the thermal conductivity of test rig and 
need to be taken consideration. 
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Figure 3-7 Temperature response of inclined thermocouple test rig. 
Response to application of preheated cutting fluid, at a known (measured) temperature.  Although the 
fluid being poured over the test rig is over 70
o
C, the temperature measured by the embedded 
thermocouples reaches an average steady state temperature of 57
o
C after approximately 30 seconds. 
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The tests were repeated with the cutting fluid heated at a variety of different 
temperatures to allow a temperature response profile to be developed over a temperature 
range representative of the grinding temperatures predicted by thermal modelling.  
 
Variations in ambient temperature were taken into consideration by measuring the block 
temperature with the digital thermometer prior to each test run. 
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Figure 3-8 Relationship between finish surface temperature and measured block temperature. 
This is the relationship between the fluid temperature which is poured onto the workpiece (actual 
measured fluid temperature) and measured block temperature as measured by embedded thermocouples 
within the test rig. 
 
Knowing the relationship between finish surface temperature and measured block 
temperature as measured by the embedded thermocouples allows the finish surface 
temperatures to be extrapolated accurately from the embedded thermocouple data 
gathered during test grinds. 
 
Additional grinding tests performed using specially prepared samples with 
thermocouples mounted as close to the finish surface as possible showed excellent 
correlation between the actual finish surface temperature and the finish surface 
temperature extrapolated from the measurements recorded using the embedded 
thermocouples in the body of the test rig. Despite difficulties in mounting 
thermocouples just below the grind surface, these tests showed that there was only 2
o
C 
difference between these measurements and those calculated by extrapolating from the 
embedded thermocouples. 
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3.3.2 Analysis for the calculation of the convection coefficient. 
 
The first step of the analysis for calculating the convection coefficient is to calculate the 
specific grinding energy from measured values of net grinding power using equation 3-
5 stated earlier, and shown again for simplicity.  
 
Equation 3-11 
  
  
 ec =   Pnet / (vw. b. a)     (Stephenson and Jin, 2002) 
 
where: 
 ec = specific grinding energy 
 Pnet = net grind power 
vw= workpiece feedrate   
 b = width of grinding wheel 
 a = depth of cut 
 
Next, the total heat flux (qt) generated by the grinding process is calculated: 
 
Equation 3-12 
 
 
qt= Pnet/Grind Area      (Rowe, 2001a) 
   
 
where: 
Grind Area = b.lc 
  
and: 
 b = width of grinding wheel 
 lc= length of contact 
 
The next step is to calculate the heat flux entering the workpiece. As stated previously, 
the thermocouple test rig contains three separate thermocouples. Once the test rig is 
inclined, the thermocouples are effectively placed at increasing depths from the finish 
surface, and consequently measure the temperature at increasing depths from the finish 
ground surface. Because of the very low feed rates used in creep feed grinding 
conditions, the heat flux can be considered to be linear, in other words, it has reached 
steady state conditions. The heat flux entering the workpiece can therefore be 
determined using Fouriers Law.  
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Equation 3-13 
 
qw = -k ((T3-T1)/δz)   
 
where :  
 qw = heat flux entering the work piece 
k = thermal conductivity of the work piece 
T3, T2 and T1 are the measured temperatures from the thermocouples 
δz = differential height between the thermocouples 
 
 
Thermal conductivity of the work piece material (51CrV4) = 42W/mK (Stephenson and 
Jin, 2003) 
 
The differential depth of the thermocouples in relation to the ground surface can be 
calculated using basic trigonometry. The test rig is inclined at an angle of 12
o
, so the 
vertical distances between the thermocouples in given by: 
 
Equation 3-14 
 
δz = 8 sin 12o = 1.66mm  
 
between thermocouples 1 and 3. 
 
or: 
 
δz = 4 sin 12o = 0.83mm  
 
between thermocouples 1 and 2 or 2 and 3. 
 
Calculation of the partition ratios is the next stage of the analysis 
 
Equation 3-15 
 
 1 = Rw + Rs + Rch + Rf 
 
Equation 3-16 
 qt = qw + qs + qch + qf 
 
Equation 3-17 
 
Rw=qw/qt       (Rowe, 2001) 
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Equation 3-18 
 
Rs=Rw((1-Rws)-1)     (Jin and Stephenson, 2003)
 
 
Knowing the total heat flux and the grinding wheel partition ratio (Rs), the heat flux 
entering the grinding wheel (qs) can be calculated: 
 
Equation 3-19  
 
qs=Rs * qt 
 
 
Assuming the energy removed by the grinding chips is negligible for creep feed 
grinding conditions (qch = 0) (Jin and Stephenson, 2002), the convection coefficient of 
the cutting fluid (hf) is given by:  
 
Equation 3-20 
 
hf = qt-qw-qs/(Ts-To) 
 
where: 
 hf = convection coefficient of the cutting fluid 
 qt= total heat flux 
 qw =heat flux entering the work piece 
 qs = heat flux entering the grinding wheel 
To = ambient temperature 
Ts = measured finish surface temperature   
 
3.3.3 Results and Discussion 
 
Figure 3-9 and figure 3-10 show typical measurements obtained during the convection 
coefficient grinding trials. Both figures show the temperature measurements from the 
three embedded thermocouples within the test rig body, with thermocouple 1 being 
closest to the surface, thermocouple 3 being the furthest from the finish ground surface. 
Also shown is the spindle power output – a 0-10V analogue output signal from a hall 
effect transducer monitoring the grinding spindle power.  
 
The higher lubrication offered by neat oil is clearly shown by the lower spindle power 
measured using the hall effect transducer fitted to the wheel spindle drive. The lower 
spindle power gives rise to a lower specific grinding energy value for the process. When 
using a neat oil at 5 bar and a wheel speed of 50m/s for example, the specific grinding 
energy was less than half that for a water based emulsion, 89.7/mm
2
 for the oil and 
103.5J/mm
2
 for the water based fluid. The increase in lubrication results in less heat 
generation within the grinding zone, with the total heat flux (qt) significantly lower 
when oil is used (4011700W/m
2
 when oil is used, 4630068W/m
2
 with the water based 
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fluid) This trend is continued throughout the results, and clearly shows the benefits of 
oil especially in HEDG where lubrication is of key importance. 
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Figure 3-9 Typical temperature profile for creep feed grinding using a neat oil cutting fluid.  
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Figure 3-10 Typical temperature profile for creep feed grinding using a water soluble cutting fluid.  
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Conversely these results also show the much higher level of cooling offered by water-
based fluids, immediately apparent from figure 3-9 and figure 3-10. These clearly show 
higher work piece temperatures with oil despite significantly lower heat generation. The 
maximum measured temperature, as measured by the embedded thermocouples is in 
excess of 43
0
C when oil is used and less than 30
0
C with the water based fluid. This is 
attributable to the fact that when creep-feed grinding, over 90% of the heat energy can 
be removed by the cutting fluid, so the convection coefficient becomes important. 
 
Comparative tests were conducted on a number of different cutting fluids under strictly 
controlled grinding condition, and theses results are shown in table 3.4. The results 
show substantially higher convection coefficients (hf) for the water based fluid, hf = 
258911 W/m
2
K (Hysol @ 7%) as opposed to hf = 97728.14  W/m
2
K for oil (Illogrind) 
when grinding at 50m/s, 5 Bar delivery pressure. The higher convection coefficient 
results in far more heat energy being removed by the cutting fluid (by convection) from 
the grinding zone. As a result, far less heat energy enters the work piece (heat-flux into 
work piece qw = 161533 W/m
2
 for oil, 25654 W/m
2
 for water) which results in the 
lower measured temperatures seen in figure 3-10. The better convective cooling 
properties of water based fluids, as demonstrated by their higher convection 
coefficients, clearly demonstrate the value of these types of fluid for conventional 
grinding when fluid boiling is not a problem.  
 
 
Fluid SGE 
(J/mm
3
) 
Total Heat Flux (qt) 
(W/m
2
) 
Rf Hf (W/m
2
K) 
Ilogrind 600SP 89.7 
 
4011700 
 
0.93 
 
97728+/- 3.2% 
Castrol ES1 82.6 
 
3695364 
 
0.83 
 
71257  +/- 1% 
Hysol XH @ 7% 103.5 4630068 
 
0.99 
 
258911 +/- 4.4% 
Plantocut 22SR 85.7 
 
3831508 
 
0.84 
 
56742 +/-2.1% 
 
Prolong Ultracut 1 94.9 
 
57291 
 
0.97 
 
271503+/-3.4% 
 
Prolong AFTM 82.9 
 
3701906 
 
0.89 
 
68899 +/-2.5% 
 
 
Table 3-4 Comparison of the convection coefficient of different cutting fluids 
Note: The results for Fuchs Plantocut 40SR and Quakercool 2772LF are not presented, as there was a 
fault with the thermocouple test rig due to ingress of cutting fluid. However, the power measurements 
were unaffected, and the results for these trials are shown in chapter 5 – Grinding Performance. 
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Figure 3-11 Predicted Convection Coefficients for Neat Oil Water Based Cutting Fluids (Jin and 
Stephenson, 2003a)  
 
The magnitude of the convection coefficients show reasonable correlation with those 
predicted by Jin and Stephenson et al (2003a) and shown in figure 3-11 which are taken 
from this paper, and this is significant, as the results published by Jin and Stephenson 
(2003a) were much higher that those published by other researcher. The higher values 
of hf measured by the inclined channel test rig can be attributable to a number of 
different factors.  
 
Film thickness for example has a significant effect on the convection coefficient as is 
clearly shown in figure 3-11. The film thickness is the thickness of the fluid film in the 
contact zone between the workpiece and the grinding wheel. It is impossible to measure 
this parameter directly, but it is known to be influenced by a number of different 
parameters including the porosity of the grinding wheel, or in the case of superabrasive 
grinding wheels, the size of the abrasive grains. There could therefore be significant 
difference between the film thickness used in the thermal model by Jin and Stephenson 
et al (2003a) and these convection coefficient experiments. The thermal properties of 
the fluid also play a significant role in determining the convection coefficient, and these 
can change with both pressure and temperature.  
 
Furthermore the values of convection coefficient obtained from the inclined 
thermocouple test rig were highly sensitive to changes in the grinding power, as this is 
used to calculate the total heat flux generated by the grinding process as shown in 
equation 3-12. For example, a 5% error in the measured grinding power could result in a 
5% increase in the value of convection coefficient. The measured grinding power can be 
influenced by a number of factors including variations in the workpiece material, the 
hydrodynamic effect caused by the cutting fluid, and perhaps most importantly 
variations in the condition of the grinding wheel. Whilst every effort was made to 
minimise these variations, including using the same grinding wheel for all the tests, and 
monitoring the condition of this wheel by performing a standardised test using a 
standard cutting fluid (Castrol Ilogrind 600SP) to check whether there had been any 
significant change in the grinding wheel condition, it was impossible to completely 
remove these potential sources of error from the system.  
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4. Cutting Fluid Evaluation Test Program 
 
4.1 Introduction 
 
The aim of this chapter is to describe the series of screening tests used to evaluate 
individual attributes of the cutting fluid that are of particular importance in the grinding 
process, especially HEDG. Screening tests are relatively simple and cost effective tests 
designed to allow quick comparative tests to be conducted on different fluid 
formulations. Such tests are used extensively in industry for new product development 
in order to test particular fluid attributes. 
 
The screening test program conducted during this test the following cutting fluid 
attributes.  
 
 Lubrication 
 Fluid Misting 
 Fluid Ignition 
 
The literature presented in chapter two clearly shows the importance of lubrication in 
the grinding process, and particularly in HEDG. Lubrication is vital in reducing the 
amount of heat generated in the grinding zone (Brinksmeier and Brockhoff, 1997), and 
is therefore an obvious thermal characteristic of the cutting fluid.  
 
Fluid ignition and misting characteristics are less self evident as thermal characteristics, 
but it is important to understand that material removal rates, particularly in HEDG, may 
need to be limited in order to minimise the risk of ignition. The literature shows that 
high levels of oil mist in an atmosphere increases the risk of ignition, and that fluids can 
ignite below their flashpoint when these fluids form mists. It is important to understand 
that the material removal rates may need to be limited in order to reduce the risk of fire 
when oil cutting fluids are used, particularly in HEDG.   
 
Selecting a fluid that has a greater resistance to ignition and reducing the level of mist 
and volatile fractions around the grind zone is therefore important in reducing the risk of 
ignition if neat oil cutting fluids are used in the grinding process. This will therefore 
reduce the need to place artificial restrictions on the material removal rates placed on 
the process by the cutting fluid.  
 
This chapter aims to show how a series of tests have been designed to measure these 
important fluid attributes and use the data to help to determine the most effective cutting 
fluid for use in the grinding process. 
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4.2 Cutting Fluid Lubrication Testing 
4.2.1 Introduction 
 
In grinding, there are a number of different variables that determine the grinding 
process. Grinding forces and the specific grinding energy are not simply determined by 
workpiece material, depth of cut and wheel speed, but other factors such as the 
condition of the grinding wheel.  
 
A simpler and more reliable method with far fewer variables was therefore needed to 
perform comparative cutting fluid lubricity tests. The literature presented in section 
2.3.2.2 showed that torque tapping test is a quick, simple and reliable method of 
evaluating different cutting fluids.  
 
 
 
 
Figure 4-1 Robert Speck Torque Tapping Machine used for Lubrication Testing. 
 4.2.2 Experimental Procedure. 
 
Torque tapping tests were conducted on a Robert Speck torque tapping machine, seen in 
figure 4-1, courtesy of Fuchs Petrolub UK Ltd.  The machine was fitted with an online 
computer based tapping force measurement system allowing force measurements to be 
recorded.  
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DIN 376 M6 x 1,0 pitch taps were used for all the torque tapping tests and the holes in 
the sample were pre-drilled and then reamed to Ø5mm in accordance with BS1157: 
1975. Reaming the holes helped to maintain both dimensional and surface finish 
consistency. 
 
Aluminium was selected as the sample material as it is much easier to machine than the 
51CrV4 high alloy steel used for the grinding trials. Whilst use of 51CrV4 would have 
been more representative, aluminium was used to minimise the possibility of tool 
breakage and also because there was a limited amount of torque available from the 
torque tapping machine. 
 
Each sample had a series of predrilled blind holes allowing each hole to be filled with 
the same amount of cutting fluid prior to each test, thus ensuring consistent fluid 
application. All samples were manufactured from a single piece of aluminium bar to 
minimise variance attributable to material inconsistency.  
 
Four individual runs were conducted for each of the fluids listed in table 4-1, with a new 
tap being used for each different fluid. 
 
As the machine was not calibrated, all the tests were performed over the course of a 
single afternoon reducing any errors associated with time dependant drift. Furthermore, 
as the machine was not calibrated, the output from the torque tapping machine was not 
converted to an actual torque as this could be misleading. Instead the results are 
presented as a series of normalised measurements, where the analogue output of the 
torque tapping machine was modified by simply multiplying the data set acquired from 
the tests by a constant (300) to aid presentation and analysis.  
 
Fluid Description 
Castrol Ilogrind 600SP Neat Mineral Oil with EP additives. 9.8cst.@ 40
o
C 
Castrol ES1 Ester Based Fully Saturated Neat Oil. 27cst.@ 40
o
C 
Fuchs Plantocut 22SR Ester Based Partially Saturated Neat Oil. 22cst.@ 40
o
C 
Fuchs Plantocut 40SR Ester Based Partially Saturated Neat Oil. 40cst.@ 40
o
C 
Prolong Ultracut 1  Water Soluble EP Activated Cutting Fluid @ 10% 
Quakercool 2772LF Water Soluble Polymer Based Cutting Fluid @ 7% 
Castrol Hysol XH Water Soluble EP Activated Cutting Fluid @ 7% 
Table 4-1 Cutting Fluids Evaluated during Torque Tapping Trials. 
4.2.3 Results.  
 
A summary of the results is shown in figure 4.2 which clearly shows that the use of a 
neat oil cutting fluid significantly reduces the torque tapping force. This is clearly 
attributable to the increased lubricity of neat oil cutting fluids over water soluble fluids.   
 
Another interesting point raised by the results in the effect of extreme pressure 
additives. Fluids containing a chlorine based EP additive provided the lowest torque 
force measurements for each fluid type (water soluble and neat oil). In fact Castrol 
Ilogrind 600SP produced the lowest torque force measurement when treated with the 
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Prolong AFTM chlorinated paraffin additive, and was significantly lower than the 
untreated Ilogrind 600SP. 
 
This result is very good at showing the effect of different EP additives, as although 
Ilogrind contains EP additives, sulphur and phosphorous based, the addition of a 
chlorine based EP additive showed significant improvements. This is attributable to the 
different activation temperatures of the different EP additives which are shown in figure 
2.16 within the literature survey. 
 
The ester based cutting fluids all displayed good lubrication characteristics with the 
slightly less viscous fluids performing marginally better than the Fuchs 40SR, with no 
significant difference between fully saturated (Castrol Carecut ES1) and partially 
saturated products (Fuchs 40SR and 22SR).  
 
 
 
Figure 4-2 Summary of Torque Tapping Results used for Lubrication Testing 
The graph shows the average normalised measurements for the torque tapping tests for each of the 
different cutting fluids. Error bars show the maximum and minimum values of the normalised 
measurements. 
 
The ester based cutting fluids all displayed good lubrication characteristics with the 
lower viscosity fluids performing marginally better than the high viscosity Fuchs 40SR, 
with no significant difference between fully saturated (Castrol Carecut ES1) and 
partially saturated ester based product (Fuchs 22SR). However, there will be a more 
rapid deterioration in lubrication performance with the partially saturated ester based 
products over time, as it is known that fully saturated ester based fluids have a longer 
life than partially saturated ester based fluids.     
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4.3 Cutting Fluid Misting 
4.3.1 Aim 
 
An important theme throughout this thesis has been the importance of reducing fluid 
misting in the machine canopy in order to reduce the fire hazard when neat oil cutting 
fluids are used in HEDG.  
 
The reduction of cutting fluid mist is split into two main areas. The first area, an 
investigation into chemical means of mist reduction by appropriate selection of the 
cutting fluids will be covered in the following sections. The second area, an 
investigation into mechanical means of mist reduction by improving cutting fluid 
application will be covered in chapter six.  
 
The aim of the fluid misting tests was to develop a simple method of comparing the oil 
misting characteristics of different cutting fluids, and then use the test to determine 
which cutting fluids produced the least amount of mist.  
 
The literature shows that high levels of oil mist in an atmosphere increases the risk of 
ignition, and that fluids can ignite below their flashpoint when these fluids form mists. 
Reducing the level of mist around the grind zone is therefore important in reducing the 
risk of ignition if neat oil cutting fluids are used in the grinding process. 
 
The data has been used to help determine the most effective fluid for the grinding 
process, as fluids that produce less mist will help reduce the amount of mist produced in 
the grinding machine.  
 
4.3.2 Experimental Procedure 
 
Tests were conducted on equipment originally designed to measure the air release value 
of oils, a measure of an oils ability to release entrapped air in accordance with IP313/77 
(BS 2000-313:2001). This equipment, manufactured by Stanhope Seta and shown in 
appendix 5, was adapted to allow oil mist to be collected and measured allowing 
comparative tests to be performed on different oils. A schematic of the test equipment 
can be seen in figure 4.3, with the actual layout shown in figure 4.4. These tests were 
performed at Fuchs Petrolub UK’s laboratory facilities in Stock on Trent. 
 
Oil is placed into the glass test vessel (figure 4.5) of the air release apparatus and heated 
to the required temperature by passing water, pre-heated to the required temperature by 
a Grant Instruments re-circulating water bath, through a water jacket that surrounds the 
test chamber. A calibrated thermocouple is used to test that the oil sample is at the 
required temperature prior to the tests being run. 
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Figure 4-3 Schematic Diagram of Equipment Used to Conduct Oil Misting Tests 
 
 
 
 
Figure 4-4 Photograph of Equipment used for Oil Misting Tests 
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Figure 4-5 Glass test vessel as described by the IP313 standard for the determination of the air release 
values of oils. (BS 2000-313:2001) 
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To ensure consistency, the same volume of each cutting fluid was tested each time. This 
was achieved by filling the glass test vessel up to a pre-scribed line 115mm above the 
bottom of the vessel, so a constant volume of 0.191 litres of cutting fluid was tested. 
 
Compressed air then pumped at low pressure (20&40mBar) into the chamber containing 
the oil sample under test and the particle emission from the fluid is passed into a 
collecting chamber where it is measured using an optical device called a Tyndallometer, 
named after its inventor. A Tyndallometer works on the principle of light scatter to 
measure the mass concentration of dust and aerosol distributions 
(http://www.osti.gov/energycitations/product.biblio.jsp?osti_id=6442985). It does this 
by measuring the intensity of the light scattered at an angle from an incident beam by 
the dust or aerosol cloud (http://www.maden.hacettepe.edu.tr/dmmrt/dmmrt660.html). 
Mist density measurements displayed on the Tyndallometer are recorded at regular 
intervals during the test. 
 
To minimise any cross contamination between fluids when changing from one cutting 
fluid and the next, the test vessel was thoroughly cleaned with a solvent cleaner and 
then acetone and allowed to dry between each series of tests. 
 
The mineral and ester based cutting fluids listed in table 4-2 were tested, but aqueous 
fluids were not as they produce mists containing mainly water. Only a small percentage 
of the total mist generated by aqueous fluids is the concentrate. (Health and Safety 
Executive, 2002;Yue and Michalec, 1999)  
 
Fluid Comments 
New Castrol Ilogrind 
600SP 
Unused Neat Mineral Oil. 9.8 cst @ 40
o
C with Polymer 
Anti-Mist Additives 
Used Castrol Ilogrind 
600SP 
Used Neat Mineral Oil. 9.8 cst @ 40
o
C with Polymer Anti-
Mist Additives 
Used Castrol ES1 Ester Based Fully Saturated Neat Oil. 27cst.@ 40
o
C 
New Castrol ES2 Ester Based Fully Saturated Neat Oil 8.8 cst @ 40
o
C 
Fuchs Plantocut 22SR Ester Based Partially Saturated Neat Oil. 22cst.@ 40
o
C with 
Polymer Anti-mist Additives 
Fuchs Plantocut 40SR Ester Based Partially Saturated Neat Oil. 40cst.@ 40
o
C with 
Polymer Anti-mist Additives 
Fuchs IS0-22  ISO-22 Base Stock. 22cst @ 40
o
C 
Fuchs IS0-32 ISO-32 Base Stock. 32cst @ 40
o
C 
 
Table 4-2 Fluids Tested during Misting Tests. 
4.3.3 Results 
 
In conducting these experiments a large amount of data was collected. To ensure clarity 
the pertinent data have been separated and used to demonstrate important relationships 
in isolation. Once these relationships have been shown, then the comparative 
performance of the cutting fluids tested will be examined. 
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4.3.3.1 Effect of Fluid Viscosity on Mist Generation. 
 
The easiest way of looking at the effect of viscosity was to perform misting tests on two 
ISO base oils. Such base fluids are the building blocks of many lubricating oils, and are 
blended together with different additives packages to give a lubricating oil of the correct 
viscosity and performance characteristics. 
 
These base stocks fluids contain no anti-misting additives, nor any other performance 
enhancing additive which may influence the misting characteristics, and are therefore 
useful in helping to evaluate the effect of fluid viscosity on mist generation. 
 
 
Figure 4-6 Fluid Misting Characteristics of ISO22 and ISO32 Base Stocks.  
Tests performed at 50
o
C, 20mBar Agitation Pressure.  
 
It is clear from figure 4-6 that the higher viscosity oil (ISO32) produces less mist under 
these test conditions, and supports the statement by Malkin (1989) that higher viscosity 
oils produce less mist. 
4.3.3.2 Effect of Agitation Pressure 
 
Tests were performed at a constant temperature of 50
o
C, with two different supply or 
agitation pressures, 20 and 40mBar. Figure 4-7 shows there is a significant increase in 
the amount of mist generated when the agitation pressure is increased, due to the 
increase in energy being applied to the system. 
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Figure 4-7 Fluid Misting Characteristics of Fuchs Plantocut Ester Based Neat Cutting Oils.  
Tests performed at 50
o
C, and at two different agitation pressures, 20 & 40mBar.  
 
4.3.3.3 Effect of Temperature 
 
  
Figure 4-8 Fluid misting characteristics of Fuchs Plantocut 22SR and Castrol Carecut ES2 Ester 
Based Neat Cutting Oils.  
Tests performed at 20mBar agitation pressure, and at two different temperatures,  50 & 60
o
C.  
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Tests were performed at a constant agitation pressure of 20mBar, at two different oil 
temperatures, 50
o
C and 60
o
C. Figure 4-8 shows that there is a significant increase in the 
amount of mist generated when the oil temperature is increased. 
 
Both Horner (Horner, 2003) and Thornburg et al (2000) observed this phenomenon in 
metal cutting, where both the cutting tool and workpiece can get very hot, and attributed 
the increase in mist level to an increase in the evaporation loss (Horner,2003; 
Thornburg and Leith, 2000) with subsequent condensation forming the mist (Thornburg 
and Leith, 2000).  This process can extend beyond the cutting operation and continue in 
other parts of the machine, and in particular where cutting fluids are in contact with hot 
swarf. (Horner, 2003)  
4.3.3.4 Effect of Fluid Usage on Misting Performance 
 
Figure 4-9 shows the stark difference between the misting performance between a used 
and un-used mineral oil that contains polymer based anti-misting additives. The used 
fluid was taken from the clarifier system used to supply the Edgetek SAM and Edgetek 
SAT machines at Cranfield University and has had been in use for approximately 4 
years when the sample was taken. The unused Ilogrind 600SP sample was taken from a 
new barrel of oil.  
 
Whilst there may be small variances between different batches of the same fluid, the 
basic composition of the fluid has not changed in the four years between the used and 
unused fluids were manufactured (Castrol (UK) Ltd: private correspondence, 2005).  
 
 
 
Figure 4-9 Fluid Misting Characteristics of Used and Un-used Castrol Ilogrind 600SP Neat Mineral 
Oil Cutting Fluid. 
Tests performed at 50
o
C, 20mBar Agitation Pressure. This fluid contains Polymer Based Anti-misting 
Additives. 
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Whilst there is inevitably some contamination of the used oil with other fluids, 
attributable to fluid changes untaken on the Edgetek machines in the course of the 
experimental work which takes place on these machines, this is undoubtedly less than is 
suffered in the majority of industrial systems which are renowned for their abuse.  
 
The most likely explanation for the significantly higher mist generated by the used 
Ilogrind is the degradation of the anti-misting additives. These additives are long chain, 
high molecular weight polymer molecules, which attract smaller lighter molecules 
toward them due to Van der Waals forces. It is well known that these long chain 
molecules are shear sensitive, which means that they are easily torn apart when shear 
forces such as those found in the grinding zone and fluid pumping systems (Kalhan and 
Twining, 1998; Kalhan and Twining, 2000), are applied to the molecules. 
Consequently, the anti-mist molecules are chopped up into a series of smaller, lighter 
molecules, with a subsequent drop in anti-misting performance.  
 
Gulari and Manke et al (1995) observed this degradation in mist performance when 
testing polymer anti-mist additives in neat oil cutting fluids and correlated this increase 
with a decrease in the molecular weight of the polymer additive. This problem is not 
restricted to neat oil cuttings fluid, Turchin and Byers (2000) also observed this 
phenomenon when testing water soluble cutting fluids   
 
This has important ramifications if neat oil cutting fluids are used containing anti-mist 
additives. If the performance of a fluid is to be maintained, then the condition of such 
polymer additives must be checked and replenished as necessary. This is contrary to the 
usual assumption that neat oil cutting fluid systems are maintenance free. 
  
4.3.3.5 Comparative Performance of Cutting Fluids 
 
Figure 4-10 shows all the comparative results for the different cutting fluids when tested 
at a temperature of 50
o
C and an agitation pressure of 20mBar. The error bars have been 
omitted for clarity, but it is clear that the used Ilogrind 600SP produces the by far the 
most mist under these conditions. When a key aim is to reduce the level of mist within 
the machine in order to reduce the potential fire hazard, this is clearly a poor result.  
 
Figure 4-11 is a comparison of all the different cutting fluids with the exception of the 
used Ilogrind 600SP, again when tested at a temperature of 50
o
C and an agitation 
pressure of 20mBar. It is clear that the unused ester based cutting fluids (Fuchs 40SR, 
Fuchs 22SR) performed significantly better than the unused neat mineral oil (Castrol 
Ilogrind 600SP). It is also clear that the amount of mist generated reduced with 
increasing viscosity, with the Fuchs 40SR producing less mist than the 22SR, mirroring 
the trend shown with the ISO base oils in section 4.3.3.1.  
 
The unused Castrol Ilogrind 600SP performed well, as it produced the third lowest mist 
level despite its low viscosity. However, its performance reduces dramatically with use 
due to the shear stability of the polymer anti-mist additives. This effect is clear in both 
figures 4-9 and 4-10  
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Figure 4-10 Comparative misting performance of cutting fluids. 
Tests performed at 50
o
C, 20mBar agitation pressure. Error bars not shown for clarity. The fluids are un-
used unless otherwise stated.  
 
 
Figure 4-11 Comparative misting performance of cutting fluids.  
Tests performed at 50
o
C, 20mBar agitation pressure. Used Ilogrind 600SP Neat Mineral Oil is not shown 
for clarity. The fluids are unused unless otherwise stated.  
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It is important to note however, that both the Fuchs products contain similar anti-mist 
additives to the Castrol Ilogrind product, so its performance too will degrade over time 
and thus produce greater levels of mist, all be it from a lower starting lower point.  
 
Neither Castrol ester based products, the Carecut ES1 and ES2, contain anti-mist 
additives so are not susceptible to degradation of polymer additives. Both these products 
are fully saturated products, meaning the base stocks are of a higher quality or grade 
than the Fuchs ester based products. This said however, there is a price premium to be 
paid for these products. 
 
The Carecut ES2 product therefore performed very well, producing the fourth lowest 
mist levels of all the fluids tested, despite having the lowest viscosity, and an absence of 
any anti-mist additives.   
 
One would expect the Carecut ES1 product therefore to produce even lower levels of 
mist than the ES2 product as a result of its higher viscosity. This was not in fact the 
case. It is important however to note that this fluid had been used on a previous project, 
and unfortunately an unused sample was unavailable. The higher misting level is 
attributable to two factors. 
 
 This particular fluid had previously been used in the large coolant clarifier 
system at Cranfield University, one that usually contained used Ilogrind 600SP. 
Whilst every care is taken when changing cutting fluids to clean the system out, 
some cross contamination is inevitable, and their will have been a small 
percentage of used Ilogrind 600SP within this sample. 
 
 This particular fluid was over four years old when tested, and whilst this fluid is 
a fully saturated product, which gives the fluid a prolonged life over non-
saturated product, some deterioration and oxidisation of the fluid over this time 
is inevitable. This said however, used Castrol ES1 produced substantially less 
mist than used Castrol Ilogrind 600SP, and it is reasonable to expect unused ES1 
to produce less mist than unused Carecut ES2. 
 
In all the ester based fluids performed significantly better than neat mineral oil cutting 
fluids as they produced less mist. This is attributable to a more defined molecular 
weight distribution than found in neat mineral oils. Neat mineral oil fluids are blended 
from a wide range of different viscosity base stocks to achieve a fluid with the desired 
performance characteristics and attributes. As a result, their molecular weight 
distribution is far less defined, the fluid containing a wide range of lighter and heavier 
fractions. Consequently, synthetic fluid have lower evaporation loss (Horner, 2003) and 
lower volatility for fluid of a given viscosity as both are largely determined by 
molecular size and structure (Jackson, 1989), with lighter fractions both more volatile 
and prone to evaporation.  
 
Prolong AFTM performed poorly in these tests, with the resultant fluid producing 
significantly higher levels of mist than the base fluid that it was applied to. The AFTM 
treatment was added at a concentration of 10% into unused Ilogrind 600SP neat mineral 
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oil, yet the resultant fluid produced more than twice the amount of mist after 
300seconds. 
 
It is doubtful that this loss of performance is attributable to a dilution of the anti-mist 
additives in the Ilogrind 600SP, as polymer anti-mist additives are generally used at 
very low concentrations (typically 1%) otherwise they affect the viscosity of the fluid. 
A far more likely explanation is that whilst the viscosity of the AFTM additive is quite 
high (approximately 40cst @ 40
o
C), the fluid contains many lighter fractions that are 
easily released from the bulk fluid to form the mist.  
4.3.4 Conclusions 
 
Some interesting conclusions can be drawn from these misting tests 
. 
 Ester based fluids produce less mist than neat mineral oil fluids. 
 Higher viscosity fluids tend to generate less mist. 
 The shear stability of polymer additives reduces their performance with use, 
resulting in higher levels of mist being produced. 
 Fluids containing anti-mist additives should not be used in HEDG, but instead 
better quality base fluids are preferred which have no need for anti-mist 
additives thus reducing the deterioration of mist performance over time. 
 Cutting fluid temperature should be kept as low as possible. 
 Mechanical agitation should be reduced as much as possible. 
 
4.4 Cutting Fluid Ignition 
 
The literature revealed the fluids exhibit a characteristic known as residence time, 
whereby a cutting fluid exposed to a specific heat source may or may not ignite 
depending on the time the fluid is exposed to the heat source. Clearly therefore, flow is 
an important variable when testing cutting fluids for grinding applications. As standard 
flashpoint tests fail to consider the residence time, as the body of fluid under test is 
stationary, two special test rigs were designed and built by the author to allow more 
representative testing to be carried out. The first, an inclined channel test rig was 
designed to test the following ignition characteristics. 
 
 Ignition of cutting fluid by a hot body 
 Spark ignition of evaporate caused by a hot body 
 
The second test rig was designed to test 
 
 Spark ignition of cutting fluid mist 
 
In practice, it proved impossible to design a test rig to precisely simulate the conditions 
which occur within the grinding zone, Cutting fluid speed, for example, is almost 
impossible to replicate if one wants to make a test rig designed to fit onto a work bench, 
when cutting fluid speeds of approximately 150m/s are common place in HEDG. 
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However the tests described in the sections are more representative of the grinding 
process than standard flashpoint tests.  
4.4.1 Ignition of Cutting Fluid by Hot Body 
4.4.1.1 Aim 
 
The aim of this particular test was to establish whether a simple heat source, which may 
be a workpiece where the temperature is elevated due to poor selection of process 
parameters or a badly worn grinding wheel for example, could ignite bulk cutting fluid. 
In these tests, the cutting fluid is exposed to a heated body, but no external ignition 
source, such as a grinding spark, is introduced. 
4.4.1.2 Experimental 
 
The cutting fluids under tests are supplied to an inclined heated channel test which 
consists of a heated stainless steel plate inclined at 3
o
 to ensure the fluid flows at a 
constant speed over the heated plate, with the fluid taking 8 seconds to travel the full 
length of the heated plate.  
  
The heated plate has an 8mm wide x 2.2mm deep oil groove machined in its upper 
surface which ensures the cutting fluids flow in a controlled and consistent manner 
down the heated plate. A simple dam formed at the top of the heated channel ensures 
that the cutting oil can only flow down the pre-machined oil groove. 
 
Cutting fluid is supplied to the inclined heated plate from a pressurised reservoir via a 
feed block. The reservoir is pressurised using either nitrogen or carbon dioxide (CO2) 
used to prevent any unwanted ignition within the reservoir. The gas is supplied from a 
standard gas bottle via a pressure regulator set, which is set to a pressure of 10PSI. Such 
a low pressure is normal in these types so as to prevent the nitrogen or carbon dioxide 
gas diffusing into the cutting fluid and thus influencing the results. 
 
The flow of cutting fluid supplied to the inclined heated plate is carefully controlled by 
means of a flow control valve and measured using a F & P Precision Bore Flowrate 
fitted with a No.3F – 3/8 – 20.5/81 tube, and allows a cutting fluid film of constant 
thickness to be maintained in the oil groove.   
 
The inclined heated plate is heated by passing a very large direct electrical current 
through it. The plate is connecting via 2 large brass contact blocks to a large DC power 
supply, in this case a BOC Transtig AC/DC 375 welding set (see figure 4-12). The 
current flowing through the inclined heated plate can be varied on the welding set, and 
consequently the temperature of the plate and thus any cutting fluid running down it, 
can be varied. As the cutting fluid flows down the inclined heated plate, the fluid gets 
progressively hotter the further it travels down the heated plate. This effect can be seen 
in figure 4-13. 
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Figure 4-12 BOC Transtig AC/DC 375 welding set.  
This was used as a large DC power supply to provide the current used to heat the incline plate.  
 
Figure 4-13 Progressive heating of the cutting fluid as it travels down the inclined heated plate. 
In this particular case the fluid has reached a temperature of 130
o
C by the time it had travelled 330mm 
from the fluid drop of point. 
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4.4.1.3 Results 
 
Attempts were made to ignite a neat mineral oil (Castrol Ilogrind 600SP) and an ester 
based neat cutting oil (Fuchs 40SR) by this method but both attempts were 
unsuccessful.  
 
When either cutting fluid was exposed to a hot heat source of sufficiently high 
temperature, the cutting fluid simply boiled away, producing copious amounts of smoke 
in the process, leaving behind a black carbonised residue on the heated plate (see figure 
4.14). Figure 4-15 shows this the large amounts of smoke being generated as the cutting 
fluid boils off, in this instance; the fluid in question is a neat mineral oil cutting fluid 
(Castrol Ilogrind 600SP).  
 
Increasing the temperature of the heated channel failed to result in cutting fluid ignition, 
with increasing channel temperatures simply causing the cutting fluid to evaporate 
closer to the fluid drop off point. 
 
 
 
Figure 4-14 Black carbonised residue remaining in heated channel as a result of the cutting fluid 
boiling away. 
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Figure 4-15 Copious amounts of smoke produced when attempting to ignite neat mineral oil cutting 
fluid with a hot body.   
4.4.2 Spark Ignition of Cutting Fluid Evaporate 
4.4.2.1 Aim 
 
The aim of these tests was to determine whether exposure to a heat source would 
increase the likelihood of cutting fluid ignition when an external ignition source such as 
a grinding spark was present. Furthermore, by testing a range of different cutting fluids, 
different fluids could be ranked according to their susceptibility / resistance to this form 
of ignition.  
4.4.2.2 Experimental 
 
These tests were similar to those conducted to test the ignition characteristics of cutting 
fluids when exposed to a hot body described in the previous section. They differed only 
by the fact that a laser was introduced to create a spark to ignite any evaporate / volatile 
fractions released from the cutting fluid as a consequence of exposure to a heat source. 
 
A Continuum Surelite SL11-10, 532nm wavelength, Nd:YAG laser was used as an 
energy source as the laser beam can be focused to a point in order to simulate a hot 
grinding spark. The overall set-up of the laser and inclined heated plate test rig is shown 
in figure 4-16.  
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Figure 4-16 Inclined heated plate test rig with Continuum Surelite SL11-10 Nd:YAG laser for testing 
the ignition characteristics of cutting fluid evaporate.  
Note also BOC Transtig welder in the background.   
a) Surelite ND-YAG laser 
b) Laser control box and power supply 
c) Digital Thermometer (not used during experiments) 
d) Flow regulator 
e) F+P precision bore flowmeter 
f) Inclined channel test rig 
 
 
Figure 4-17 shows a close up of the Surelite laser, a 532nm mirror and the 150mm focal 
length lens used to direct and focus the laser beam respectively. The 532nm mirror is 
used to reflect the laser beam through 90
o
 so it travels straight down the centre of the 
inclined heated plate. The 150mm focal length lens focuses the beam to a point 19mm 
above the heated plate, 145mm from the end. The Surelite laser trigger frequency was 
set to 10Hz, which translates to 10 lasers pulses per second.  
 
The temperature of the cutting fluid was again measured using a hand held Omega 
HH506RA digital thermometer with a calibrated K type thermocouple (fig 3.6).  
 
Temperature measurements were taken at a point 330mm from the fluid drop off point, 
this point was selected as it was sufficiently far removed from the laser focus point so as 
not to interfere with the laser in any way, but more importantly, it was sufficiently far 
from the point of ignition for personal safety reasons. Although this was not the point at 
which the laser was focused, and that the fluid is significantly cooler than at the point of 
ignition, consistently measuring the different cutting fluids at the same point does allow 
fair comparisons to be made.  
 
To illustrate this point, if one refers to the example shown in figure 4-13, the measured 
fluid temperature was 130
o
C when measured at a point 330mm from the fluid drop off 
  a 
  b 
  f 
  e 
  d 
  c 
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point, the fluid was over 160
o
C when it had reached a point 600mm from the fluid drop 
off point. If the fluid ignited when the measured temperature was 130
o
C, then the actual 
temperature of the fluid would actually have been much closer to 160
o
C when the fluid 
evaporated ignited. However, measuring the exact temperature of the fluid at the exact 
point of ignition was not possible for safety reasons. Instead great care was taken to 
ensure the test rig was set up correctly to ensure consistency between the tests, and the 
fluid temperature was measured at the same point to allow fair comparisons to be made.  
 
 
 
 
Figure 4-17 Focusing the laser beam to a point using a 150mm focal length lens in order to simulate a 
hot grinding spark. 
a) Surelite Nd-YAG Laser 
b) 532Nm Mirror 
c) 150mm focal length lens 
d) Electrical contact 
e) Inclined heated plate 
4.4.2.3 Correlation Between Spark Energy and Grinding Chip Size. 
 
Throughout the tests, the laser was set to a power setting of 1.35KV. The actual laser 
power was measured using an Ophir Optronics Ltd Model AN2/E Laser Power Meter 
(see figure 4-18) to allow the laser power, and the subsequent ignition spark energy, to 
be correlated to an actual grinding chip size. The measured laser power was 150mJ and 
according to Jin et al (Jin and Stephenson, 2003), the limiting chip energy can be 
estimated from: 
 
 
 
 
 
  a 
  b 
  c 
 e 
  d 
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Equation 4-1  
 
 ech = ρcTch   (Jin and Stephenson, 2003) 
 
Where :  
 Ech = limiting chip energy (J/mm
3
) 
 Tch = chip temperature (
o
C) 
 ρ = workpiece material density (Kg/m3) 
 c= specific heat capacity (J/KgK) 
 
If we assume the workpiece material is 51CrV4, and estimating the chip temperature is 
close to the melting temperature of the material (1500
o
C) (Jin and Stephenson, 2003) 
 
 Tch = 1500
o
C 
 ρ = 7770Kg/m3 
 c= 460 J/KgK 
 
Then:  
 
 Limiting chip energy = 5.36 J/mm
3
 
 
Using the measured laser power of 150mJ 
 
 Chip volume = chip energy / limiting chip energy 
 
    = 150mJ / 5.36 J/mm
3
 
 
 Chip volume = 0.028mm
3
 
 
Assuming the chip is a cube, the chip size would be: 
 
 Chip size = chip volume
1/3 
mm 
 
 Chip size = 0.028
1/3
 mm 
 
 Chip size = 304μm x 304μm x 304μm 
 
Whilst this may seem excessively large in conventional grinding, extremely large pieces 
of grinding swarf have been witnessed when HEDG is employed, and particularly in 
cylindrical HEDG. The grinding swarf shown in figure (4-19) was not a single grinding 
chip, but a knotted mass of small chips and very fine metal strands or threads more 
typical of conventional turning operations. This swarf was found on the worktable, just 
below the grinding area and shows that very large pieces of hot material can be ejected 
from the grinding zone and could be a potential ignition source. 
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Figure 4-18 Measurement of the laser power using a Laser Power Meter. 
a) Laser Beam 
b) Ophir Optronics Ltd Model AN2/E Laser Power - Detector 
c) Ophir Optronics Ltd Model AN2/E Laser Power Meter 
 
 
 
 
 
Figure 4-19 Grinding swarf generated during cylindrical HEDG grinding at a specific removal rate of 
2000. 
a) Grinding Swarf 
b) 10 pence piece 
Note, a 10 pence piece is included for reference purposes (Ø24.5mm) 
a 
b 
c 
a 
b 
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4.4.2.4 Results 
 
Figure 4-20 shows a typical ignition of cutting fluid evaporate when a spark is used as 
an ignition source. Although the laser is focused in free space above the channel, when 
the cutting fluid evaporant is ignited the flame spreads quickly to the bulk fluid. Carbon 
Dioxide or Nitrogen gas is then used to put out the fire.  
 
Figure 4-21 shows a typical series of tests used to establish the ignition characteristics 
of a cutting fluid. The first six tests in the particular sequence shown were used to find 
the temperature at which the cutting fluid ignites. The remaining tests are designed to 
define the transition temperature, the temperature below which the cutting fluid fails to 
ignite, above which ignition will occur. 
 
In practice, there is no single transition temperature, rather a fuzzy band or range of 
temperatures where ignition may or may not occur. In the example shown in figure 4-
21, ignition occurred at 173
o
C and 174
o
C and yet failed to ignite 176
o
C.  The remaining 
tests are therefore used to narrow the temperature range between the ignition and non-
ignition regions.  
 
When summarising the results in table 4-3, ignition tests in the transition band are used 
to define the threshold temperatures, but are not included in the table for clarity 
purposes. Furthermore, a 10% tolerance band based on the nominal threshold 
temperature is calculated, with any tests conducted at a temperature either above or 
below this tolerance band being omitted as being outside the area of interest. 
 
 
 
 
 
Figure 4-20 Ignition of the cutting fluid. 
Once the cutting fluid evaporate has been ignited with a spark, the flame spreads to the bulk fluid. 
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Figure 4-21 Spark ignition of cutting fluid evaporate.  
Results for Ilogrind 600SP c/w Prolong AFMT @ 10%. Oil temperature measured at 330mm from fluid 
drop off point.  
 
For the example shown in figure 4-21, the first four tests are omitted from the summary 
table, as all were conducted at a temperature lower than the nominal threshold 
temperature (175
o
C – 10%)    
 
Fluid Temperature 
(
o
C) 
No. of 
Tests 
Ignition 
Frequency 
Closed Cup 
Flashpoint (
o
C) 
Fuchs 40SR Above 185 9 9 from 9 216 
Below 183 6 0 from 6 
Fuchs 22SR Above 178 11 11 from 11 215 
Below 176 7 0 from 7 
Castrol ES1 Above 213 8 7 from 8 240 
Below 211 7 0 from 7 
Used Castrol Ilogrind 
600SP 
Above 125 7 7 from 7 >130 
Below 124.5 6 0 from 6 
Unused Castrol 
Ilogrind 600SP  
Above 127 7 7 from 7 >130 
Below 123 6 0 from 6 
Unused Ilogrind c/w 
Prolong AFTM @ 
10% 
Above 177 12 12 from 12 135 open cup 
Below 172 7 7 from 7 
 
Table 4-3 Summary of cutting fluid evaporate spark ignition tests.  
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The summary of results in table 4-3 shows the neat mineral oil (Castrol Ilogrind 600SP) 
ignited at a significantly lower temperature than all the ester based neat cutting oils. The 
results for the Fuchs 22SR and Fuchs 40SR products show that for fluids from the same 
product family, lower viscosity fluids will ignite when exposed to a lower temperature 
than their higher viscosity counter parts. The results also show that the fully saturated 
ester based cutting oil, the Castrol ES1 product, had the greatest resistance to ignition, 
needing to be raised to a temperature in excess of  210
o
C, at the point of temperature 
measurement, before ignition of the evaporate was realised. The fully saturated ester 
based product therefore performed better than the partially saturated Fuchs 22SR and 
40SR products. 
 
One interesting result was the similarity in performance between the used and un-used 
neat mineral oil. Despite a significant deterioration in the levels of mist generated by 
used Ilogrind shown in section 4.3.3.4 of this chapter, there was no significant 
difference in the temperature at which the used and unused samples could be ignited. It 
is interesting to note however, that the threshold between ignition and non ignition far 
more defined for the used sample of Ilogrind 600SP. The most likely explanation for 
this would be the loss, due to evaporation over time, of the lighter fractions from the 
cutting fluid.    
 
As a general rule, there is good correlation between the inclined heated channel ignition 
tests and the standard flashpoint results published in the manufacturer’s data sheet. The 
exception to this is when the neat mineral oil (Castrol Ilogrind 600SP) is mixed with the 
Prolong AFMT additive. Despite having very similar flashpoints, when combined the 
resultant fluid ignited only when the fluid had been raise to a significantly higher 
temperature. The most probable explanation for this is that the Prolong AFMT additive 
has a very long residence time, a factor not considered in normal flashpoint tests.  
 
This particular result therefore demonstrates the usefulness of this type of ignition 
testing when evaluating cutting fluids, as it is allows the influence of both the residence 
time the fluid volatility to be accessed simultaneously in one, relatively simple test. This 
type of test provides a single output – the “ignition temperature”, which allows different 
cutting fluids, with different flashpoint, residence time and volatility characteristics to 
be compared, both easily and fairly, in a more meaningful and representative manner. 
 
4.4.3 Spark Ignition of Cutting Fluid Mist 
4.4.3.1 Aim 
 
The literature surrounding the ignition of fluids showed that fluid can ignite well below 
their flashpoints. It is therefore important to understand the ignition behaviour of cutting 
fluid mists and like the previous section of the ignition of cutting fluid evaporate, rank 
different cutting fluids according to their susceptibility / resistance to this form of 
ignition. 
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4.4.3.2 Experimental 
 
A second test rig was designed in order to perform spark ignition tests on cutting fluid 
mists. A large aluminium ignition chamber was designed and constructed in order to 
control any flame that resulted when attempting to ignite a cutting fluid mist with the 
aid of a spark.  
 
The cutting fluid mist was generated by a Delavan No.4 type WDA hollow cone spray 
nozzle mounted into a special heated nozzle block mounted at the end of the ignition 
chamber. The nozzle block was heated using 3 x 200w cartridge heaters both to allow 
the cutting fluid to mist more readily, but also to assist with ignition. The temperature of 
the heated nozzle block was measured using a K type thermocouple connected to a 
digital temperature display and controlled by adjusting the supply voltage to the 
cartridge heaters by means of a Claude Lyons 240vac 15amp variac.   
 
The laser described in section 4.4.2 was again used to simulate a hot grinding spark 
ignition source, and focused at a distance 120mm from the end of the spray nozzle. 
 
 
 
 
 
Figure 4-22 Test rig to investigate the ignition characteristics of cutting fluid mists. 
Left of picture is the aluminium ignition chamber. Note, the green light being emitted from the ignition 
chamber is a result of the laser beam being diffracted by the cutting fluid mist. On the right of the photo is 
the Surelite ND:YAG laser and in the centre, the digital temperature display showing the temperature of 
the heated nozzle block.    
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Figure 4-23 Fine cutting fluid mist being injected into the ignition chamber (left). 
Notice also the lens used to focus the laser beam on the left hand side of picture. The photo on the right 
shows ignition of the cutting fluid mist.      
4.4.3.3 Results 
 
Fluid Temperature (
o
C) No. of 
Tests 
Ignition 
Frequency 
Closed Cup 
Flashpoint (
o
C) 
Fuchs 40SR Could not ignite. Fluid boiled off at c.340
o
C. 216 
Fuchs 22SR Could not ignite. Reached maximum rig 
temperature of 390
o
C 
215 
Castrol ES1 Above 340 19 8 from 19 240 
Below 340 14 0 from 14 
Unused Castrol 
Ilogrind 600SP 
Above 130 29 29 from 29 >130 
Below 120 17 4 from 17 
Used Castrol 
Ilogrind 600SP 
Random ignition behaviour. Fluid may or may 
not ignite in range 168 - 288
o
C 
>130 
Unused Ilogrind 
c/w Prolong 
AFTM @10% 
Above 216 18 9 from 18 135 (open cup) 
Below 213 21 4 from 21 
 
Table 4-4 Summary of cutting fluid mist ignition tests. 
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Table 4-4 summarises the results from the spark ignition tests of cutting fluid mist. The 
results clearly show that the ester based cutting fluids tested needed to be raised to a 
significantly higher temperature than their neat mineral oil counterparts before ignition 
would occur, if in fact they could be ignited at all. 
 
The results shown in table 4-4 largely reflect the results found when testing the ignition 
characteristics of cutting fluid evaporate described in section 4.4.2. However, the 
temperature at which the cutting fluid will ignite is far less defined. This is attributable 
to the fact that when attempting to ignite the cutting fluid mist, ignition will not only 
depend on cutting fluid temperature, but also on there being the correct mixture (fluid 
mist and air mix) in the correct place at the correct time.  
 
Another interesting result was the ignition characteristics of the used Castrol Ilogrind 
600SP. As stated previously, this particular fluid was taken from the coolant clarifier 
system in the High Performance Machinery Laboratory at Cranfield University, where it 
has been used for the past four years. Consequently, it has undergone the inevitable 
deterioration and contamination over this time. As a result, this particular fluid 
exhibited almost random ignition characteristics, as it would or would not ignite during 
tests at almost identical temperatures anywhere in the range 168 to 288
o
C. 
 
This almost random ignition behaviour may account in some part for the apparently 
random ignition of the cutting fluid witnessed on grinding machines. Several 
researchers at Cranfield have witnessed cutting fluid fires when repeating tests that have 
already been performed with identical process parameters (feedrate, depth of cut, 
grinding wheel speed etc.) for no apparent reason. The fact that the cutting fluid being 
used during these tests exhibits almost random ignition behaviour may explain this 
phenomenon. 
4.4.4 Conclusions 
 
The most significant finding of the ignition tests is that in both the cutting fluid 
evaporate and the cutting fluid mist trials, the ester based cutting fluids tested were 
more resistant to ignition as they needed to be raised to a significantly higher 
temperature in comparison to their neat oil counterparts before ignition occurred. As a 
result, the use of ester based cutting fluids such as those tested should significantly 
reduce the fire hazard within the grinding machine.  
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5 Grinding Performance 
 
5.1 Introduction  
 
The cutting fluid performance evaluation test program, presented in chapter four, was 
developed to assess the attributes of cutting fluids that have a thermal impact on the 
grinding process. These tests were designed to complement existing industry standard 
tests used in the development and control of metalworking fluids. These tests however, 
like the ones performed by the manufacturers, only give an indication of a fluid 
suitability for any given process. There is only one way to definitively assess how a 
fluid will perform in any particular application, and that is to test it in the actual 
operation for which it is intended. (Hunz, 1984) 
 
5.2 High Efficiency Deep Grinding (HEDG) 
5.2.1 Experimental 
 
HEDG grinding trials were conducted on an Edgetek SAM 5 axis computer numerically 
controlled (CNC) grinding machine to allow the performance of the cutting fluids listed 
in table 3-2 to be compared. Similar grinding conditions were maintained throughout 
the test program to allow fair comparisons to be made. Table 5-1 gives the test 
conditions for the comparative trials, with the actual machine set-up shown in figure 5-
1. 
 
HEDG Test Conditions 
Grinding Machine Edgetek SAM – 5 Axis Surface Grinding Machine 
Grinding Mode Down Grinding 
Workpiece Dimensions : 3mm wide x 100mm long 
Material : 51CrV4 
Hardness : 59Rc 
Grinding Parameters Wheelspeed : 146m/s 
Workpiece Feedrate : 125mm/s 
Depth of Cut : 4mm 
Specific Removal Rate : 500mm2/s 
Grinding Wheel Electroplated CBN wheel, B252 grit 
Diameter : 200mm 
Width : 15mm 
Fluid Delivery Nozzle Pressure: See table 5-3 
RH Nozzle : 4mm coherent jet nozzle 
LH Nozzle : 3mm coherent jet nozzle 
Grinding Fluids See Table 3-2 
 
Table 5-1 HEDG test grinding conditions 
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Figure 5-1 Photograph of the Edgetek SAM Machine Set-Up used for HEDG Grinding Trials 
a) Grinding wheel 
b) Workpiece 
c) Kistler dynamometer 
d) Main coolant nozzle (left hand nozzle) 
e) Spark arresting nozzle (right hand nozzle) 
 
Grinding power was measured using a hall effect transducer (see appendix 2) connected 
to a National Instruments PCI6036E data acquisition system with dedicated Labview 
software. Data was recorded at 5000 samples per second for 5 seconds. The influence of 
the cutting fluid was measured by conducting a “spark out” cut, where the steady state 
wheel power is measured whilst the grinding wheel rotates along a stationary pre-cut 
grinding arc in the workpiece. The specific grinding energy was calculated for each of 
the different cutting fluids tested (equation 3-10) 
 
Normal and tangential grinding forces were also measured using a Kistler type 9257BA 
dynamometer connected to a PC equipped with Dynoware data acquisition software. 
Tests were repeated five times for each cutting fluid to allow variance to be assessed. 
 
The condition of the grinding wheel was maintained as far as was practicable by using a 
different section of the wheel for each of the different grinding fluids. A newly re-plated 
grinding wheel was selected, and by physically turning the grinding wheel around 
coupled with a combination of wheel spacers, 5 individual 3mm wide tracks could be 
used across the full 15mm width of the grinding wheel. Furthermore, an identical 
sequence of conditioning cuts was taken at 146m/s, 125mm/s feedrate before any 
recordings were made. This sequence is shown in table 5.2. 
 e 
 a 
d 
b c 
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Depth of Preparation Cut Number of Cuts 
1mm cut 2 
2mm cut 1 
3mm cut 1 
4mm cut 2 
Table 5-2 Preparatory conditioning cuts used for HEDG grinding trials 
Since more than 5 different fluids were evaluated the remaining fluids were tested using 
wheel tracks previously used in conjunction with the ester based cutting fluids, where 
wheel wear from either attrition (Silliman and Perich, 1992) and / or the possible 
damage caused by the tendency of CBN to react with water (Malkin, 1989; Carius, 
1990), was likely to be less than those wheel tracks used to test water based fluids. 
Furthermore, the number of preparation cuts were minimised to simply 1 x 2mm cut and 
1 x 3mm cut in order to ensure any additional wheel wear was minimised. 
 
The nozzle pressure was nominally set to 5 Bar for all tests by adjusting a pressure 
regulator on the main “coolant” pump. However, this was not always attainable due to 
limitations of the fluid delivery system, and in these cases the pressure regulator was 
adjusted to give the maximum pressure attainable at the nozzle. The actual nozzle 
pressures can be seen in table 5-3 along with the resultant flow-rates.   
 
Fluid Nozzle Pressure (Bar) Flow Rate (l/min) 
Castrol Ilogrind 600SP 4.5* 29 
Castrol ES1 5 27 
Castrol Hysol XH @ 7% 5 28 
Castrol Ilogrind c/w 
Prolong AFTM@ 10% 
4.5* 29 
Fuchs 22SR 5 26 
Fuchs 40SR 1.8* 18 
Prolong Ultracut 1 @ 10% 5 27 
Quakercool 2772LF @ 7% 5 29 
Table 5-3 Fluid delivery pressures and fluid flow rates for HEDG grinding trials 
(* maximum nozzle pressure attainable due to limitations of the fluid delivery system) 
5.2.2 Results 
 
Figure 5-2 shows a typical power trace recorded using the Labview data acquisition 
system when conducting a HEDG test grind using Castrol Ilogrind 600SP. The profile 
shows the high power requirements of HEDG, but due to the high feed rates employed, 
the entire test is completed in just over one second.  
 
The effect of cutting fluid selection on the average specific grinding energy under 
HEDG conditions is shown in figure 5-3 and summarised in table 5-4.  The results 
clearly show that the neat oil cutting fluids, whether they are straight mineral oil or ester 
based synthetic fluids, gave rise to significantly lower levels of specific grinding energy 
in comparison to water miscible cutting fluids.  
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Figure 5-2 Typical power profile for a HEDG grinding test conducted using Castrol Ilogrind 600SP 
 
The effect of cutting fluid selection on the average specific grinding energy under 
HEDG conditions is shown in figure 5-3 and summarised in table 5-4.  The results 
clearly show that the neat oil cutting fluids, whether they are straight mineral oil or ester 
based synthetic fluids, gave rise to significantly lower levels of specific grinding energy 
in comparison to water miscible cutting fluids.  
 
The lower levels of specific grinding energy when grinding with neat oil cutting fluids 
is attributable to a reduction in the tangential grinding force (see equation 2-4) as a 
result of improved lubrication within the grinding zone, as all the other grinding 
parameters remained constant. When using Fuchs 40SR for example, the average 
specific grinding energy was 3J/mm
3
 lower when the same tests were performed using 
Castrol Hysol XH @7%, a reduction of 21.6%. In fact figure 5-4 shows that not only 
was the tangential grinding force reduced, but there was also reduction in the normal 
grinding force. The normal grinding force is usually attributable to the sliding action of 
dulled grains (or wear flats) rubbing against the workpiece without removing any 
material (Malkin, 1989). Empirically one would think that increasing the lubricity of the 
cutting fluid would reduce the wasted energy associated with the sliding action of any 
dulled abrasive grains, and this is clearly borne out by the reduction in normal forces 
when using neat oil cutting fluids in comparison to water soluble products. 
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Figure 5-3 Effect of cutting fluid selection on specific grinding energy in HEDG.  
(The graph shows the average specific grinding energy calculated from the test results, with the error 
bars depicting the maximum and minimum values of specific grinding energy for each grinding 
condition.) 
 
Fluid Average SGE 
(J/mm
3
) 
Average Total 
Power (kW) 
Average Net Grind  
Power (kW) 
Estimated Finish 
Surface 
Temperature (
o
C) 
Fuchs 40SR 10.9 19.2 16.4 890 
Castrol Ilogrind 600SP 12.0 21.5 18.0 1070 
Castrol ES1 12.0 21.8 18.0 1070 
Fuchs 22SR 12.2 22.5 18.3 1095 
Ilogrind c/w Prolong 
AFTM @ 10% 
12.4 22.1 18.4 1125 
Castrol Hysol @ 7% 13.9 25.3 21.3 1370 
Prolong Ultracut 1 
@10% 
14.0 25.1 20.1 1380 
Quakercool 2772LF @ 
7% 
14.2 25.7 20.8 1415 
 
Table 5-4. Summary of Results from HEDG Grinding Trials.  
(Grinding Parameters : Q’=500, vs=146m/s, vw=124mm/s, ae=4mm) 
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Figure 5-4 Effect of cutting fluid selection on grinding forces in HEDG.  
(The graph shows the average normal and tangential grinding forces calculated from the test results, with 
the error bars depicting the maximum and minimum values of each force for each grinding condition.) 
 
The average values of specific grinding energy derived from the experimental data were 
used to estimate the finish surface temperature for all grinding conditions using the 
thermal model presented in chapter three. These are shown in table 5-4. The convection 
coefficient of the cutting fluid was assumed to be zero as the workpiece surface 
temperatures, as witnessed by the presence of white layer observed on all of the work 
pieces when conducting microstructural observations (presented later in section 5.2.3) 
was clearly above the fluid burn out temperature of both oil and water soluble cutting 
fluids. The formation of white layer, which is a layer of untempered martensite, must 
mean the workpiece surface had been raised above a minimum temperature of 
approximately 760
o
C for the necessary phase transformation to occur (Walton and 
Stephenson, 2006). Under such high temperature conditions the cooling ability of the 
fluid is reduced to almost zero (Andrew and Howes, 1985).  
 
The use of neat oil cutting fluids also gave rise to the lowest grinding powers (see figure 
5-5), both in terms of the net grind power (the power required to actually remove 
material) and the total grind power. This is hugely significant, as all grinding machines 
have a finite amount of available grinding power to perform the particular grinding 
process. This is determined by the grinding spindle / drive design and by reducing the 
grinding power for any given material removal rate, higher material removal rates can 
achieved whilst operating within the constraints of the machine.  
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In the case of the Edgetek SAM machine, which has a grinding power of 27kW, the 
24.7% reduction (6.38kW) in the total grinding power between the tests performed 
using the Fuchs 40SR and Quakercool 2772LF represents an increase of nearly 24% in 
available grinding power for additional material removal. Furthermore, for any set of 
process parameters and subsequent material removal rate, the reduction in the power 
requirements of the process results in a reduction in the carbon footprint of the process 
with all the associated environmental and cost benefits this entails. 
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Figure 5-5 Effect of cutting fluid selection on both total and net grind power. 
(The graph shows the average grinding power (both total and net) calculated from the test results, with 
the error bars depicting the maximum and minimum values of  grinding power for each grinding 
condition.) 
 
All the water based cutting fluids tested offered the least amount of lubrication as 
demonstrated by the higher specific grinding energies recorded from these tests. This 
result was not surprising as water based fluids are generally poorer than oil based 
cutting fluids, especially in high pressure, elastohydrodynamic contacts where both the 
low viscosity and the very low pressure-viscosity coefficient  prevent satisfactory 
formation of elastohydrodynamic separating films. (Ratoi and Spikes, 1999) 
Elastohydrodynamic lubrication is a development of hydrodynamic lubrication to take 
into account the elastic deflection of the contact surfaces. Film thicknesses are much 
smaller than in conventional hydrodynamic lubrication and under these conditions a 
continuous film can only be achieved through elastic deformation of the contact 
surfaces. (Marinescu and Rowe, 2004) 
 
The use of the highest viscosity ester based neat oil cutting fluid, Fuchs Plantocut 40SR, 
resulted in the lowest specific grinding energy, lowest grinding forces, lowest grinding 
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power and lowest workpiece finish surface temperature compared to any other fluid 
tested despite the relatively small amount of fluid being applied as a result of the 
limitations of the fluid delivery system. The penetrating ability of such a high viscosity 
fluid was a concern prior to the tests, but proved not to be a problem despite the high 
grinding wheel and workpiece speeds employed during the tests.  
 
5.2.3 Effect of Cutting Fluid Selection on Thermal Damage in HEDG. 
 
Minimising the depth of any thermal damage within the workpiece is of key importance 
in this project. Whilst HEDG may be a roughing operation, and that any thermal 
damage which could affect the surface life of the component will normally be removed 
by subsequent finishing operations, it is important to minimise the amount of stock 
which needs to be removed as finishing operations are typically slow, low material 
removal rate types of processes. Removing large amounts of material during finishing 
operations in order to remove large depths of thermal damage from the workpiece as a 
consequence of the roughing operation obviously reduces the cost effectiveness of the 
entire process chain, and may also have implications on the final tolerances, surface 
texture and surface topography that can be achieved. 
 
Equation 5-1 shows that the amount of heat energy generated within the grinding zone 
is reduced when the specific grinding energy is reduced. Consequently any thermal 
damage within the workpiece will also be reduced or even eliminated. This effect can be 
seen in the micrographs taken of the different samples ground using different cutting 
fluids (see figure 5-6). This shows that the specific grinding energy was reduced from 
13.9 J/mm
3
 to10.9 J/mm
3
 when using Fuchs 40SR rather than Hysol XH water miscible 
cutting fluid, and consequently the depth of thermal damage, as witness by white layer 
in the work piece was reduced from approximately 315μm (figure 5-6a) to 
approximately 150μm (figure 5-6d).  
 
Equation 5-1 
  
qt=ec . ae .vw / lc   (Stephenson and Jin, 2003) 
  
Where  
  qt = total heat flux 
  ec = specific grinding energy 
  ae= depth of cut 
  vw = work piece feed rate 
  lc = arc of contact 
 
The reduction in white layer also corresponds with a decrease in the finish surface 
temperature calculated using the thermal model described in chapter 3. The calculated 
values of finish surface temperature can be seen in figure 5-6 and table 5-4 and show 
that for Fuchs 40SR a finish surface temperature of 910
o
C was calculated with the finish 
surface temperature increasing to 1370
o
C for the water soluble cutting fluid, Hysol XH. 
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This increase in finish surface temperature corresponds to the increase in the depth of 
thermal damage from 150μm to 315μm. 
 
Similar findings were in fact reported by Liu et al (Liu and Abe, 1994) who found 
higher viscosity oils performed better than lower viscosity oils in preventing workpiece 
thermal damage during severe creep feed grinding operations. Since HEDG can be 
considered as an extension of creep feed grinding (Tawakoli, 1993; Klocke and 
Brinksmeier, 1997) it is logical that higher viscosity oils are more suitable for the 
HEDG process. 
 
It is also important to note that reducing the temperature in the grinding zone also has 
the obvious beneficial effect of reducing the potential fire hazard within the grinding 
machine when neat oil cutting fluids are used. In the examples of Fuchs 40SR and 
Quakercool 2772LF, a drop of 3J/mm
3
 in the specific grinding energy resulted in a 
360
o
C reduction in the estimated finish surface temperature. The reason for this is that 
when grinding above the fluid burn out threshold, for any given set of grinding 
parameters (e.g. feedrate, depth of cut, wheel speed etc.) the main factor in controlling 
the amount of heat generated is the reduction of the frictional forces.  
 
This effect can clearly be seen if one looks at the mathematical relationships between 
the tangential grinding force, specific grinding energy and the thermal energy generated 
by the process. Equation 2.4 shows the specific grinding energy is directly proportional 
to the tangential grinding force. Equation 2.5 shows the total thermal energy produced 
by the grinding process is directly proportional to the specific grinding energy. If the 
tangential grinding force can therefore be reduced, it follows that the total thermal 
energy generated by the process is also reduced. 
5.2.4 Summary 
 
In general the ester based cutting fluids tested performed as well as if not better than 
Castrol Ilogrind 600SP, the neat mineral oil with sulphur based EP additives. The higher 
viscosity oils provided the highest levels of lubrication giving rise to the lowest grind 
power, lowest specific grinding energy, lowest grind forces and least amount of thermal 
damage within the work piece. 
 
Water based cutting fluids are not suitable for HEDG due to their low lubricity. Their 
use results in higher levels of specific grinding energy, higher grinding forces, higher 
grinding powers (both net and total), increased finish surface temperatures with the 
subsequent effect on higher levels of thermal damage.  
 
Whilst the use of neat oil based cutting fluids in HEDG clearly has certain benefits, 
their use is not without problems as their use still poses a significant fire hazard. 
However the results presented in chapter 4 show ester based neat cutting oils produce 
significantly lower levels of mist and are significantly less flammable than their neat 
mineral oil counterparts. Any strategy for cutting fluid application in HEDG will need 
to take these factors into account in order to minimise the fire hazard, a subject that will 
be discussed in chapter 7. 
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Cutting Fluid :  
Hysol XH 
Average specific grinding energy 
:13.90 J/mm
3 
Depth of white layer : 315μm 
Estimated finish surface 
temperature : 1370
o
C 
 
 
 
Cutting Fluid :  
Fuchs 22SR 
Average specific grinding energy : 
12.18 J/mm
3
 
Depth of white layer : 240μm 
Estimated finish surface 
temperature : 1100
o
C 
 
 
 
Cutting Fluid : 
 Castrol Ilogrind 600SP 
Average specific grinding energy : 
12.01 J/mm
3
 
Depth of white layer : 220μm 
Estimated finish surface 
temperature : 1070
o
C 
 
 
 
Cutting Fluid :  
Fuchs 40SR 
Average specific grinding energy : 
10.90 J/mm
3
 
Depth of white layer : 152μm 
Estimated finish surface 
temperature : 910
o
C 
Figure 5-6 Micrographs showing the depths of workpiece thermal damage during HEDG. 
Note: Marker size on all micrographs - 300μm 
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5.3 Creep Feed Grinding 
5.3.1 Introduction 
 
Chapter three outlined the experimental work conducted in investigating the convection 
heat transfer coefficient of cutting fluids. The cooling ability of cutting fluids is not 
however the only consideration when selecting a cutting fluid in creep feed grinding. In 
this section other aspects of the cutting fluid’s influence within the creep feed grinding 
regime will be presented. The data presented in this section was collected whilst 
performing the experimental work described in chapter three. 
 
5.3.2 Effect of Cutting Fluid Selection on Specific Grinding Energy 
 
Figure 5.7 shows that, with the exception of the Quakercool 2772LF water soluble 
cutting fluid, which will be discussed further in the next paragraph, the specific grinding 
energy is lower when a neat oil cutting fluid is used in creep feed grinding in 
comparison to a water soluble cutting fluid. This is attributable to the greater lubricity of 
the neat oil which reduces the grinding forces, thus lowering the specific grinding 
energy as previously stated in section 5.22, with its commensurate effect of reducing the 
total amount of heat energy generated by the process.  
 
The somewhat surprising performance of the Quakercool 2772LF water soluble cutting 
fluid in delivering both high levels of lubricity as demonstrated by the low levels of 
specific grinding energy coupled with the high values of convection coefficient 
presented in chapter 3, would appear to make this fluid ideal for creep feed grinding 
applications. The enhanced lubricity of this product comes from the use of synthetic 
polymer lubrication additives rather than mineral oils conventionally used in water 
soluble fluids.  
 
However, it is known that polymer molecules degrade over time due to the high shear 
forces found in grinding, and section 4.3.3.4 in chapter four clearly showed that such 
deterioration has an adverse effect on cutting fluid performance, by showing how the 
misting performance of a neat oil cutting fluid deteriorated over time due to the 
degradation of the polymer anti-mist additive. Therefore questions arise over the long 
term performance of this particular fluid, which could not be tested or answered fully 
due to time constraints within the project. 
 
However, a more arduous grinding environment was produced by increasing the 
grinding wheel speed and the fluid delivery pressure whilst keeping other grinding 
parameters constant. Tests were performed using a selection of fluids and figure 5.8 
shows how these changed the specific grinding energy within the creep feed grinding 
regime. Whilst such high grinding wheel speeds are not normally associated with creep 
feed grinding, they can and are used in practice, for instance to achieve the desired 
workpiece surface finish. 
 
The results show that neat oil cutting fluids produced the lowest levels of specific 
grinding energy as one would expect due to the improved lubricity of neat oil cutting 
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fluid. The Quakercool 2772LF polymer synthetic cutting fluid gave rise to one of the 
highest levels of specific grinding energy, with its performance being more consistent 
with the other water soluble cutting fluids. This suggested that whilst this particular 
fluid may work relatively well at relatively modest removal rates and wheel speeds, 
over a wider range of grinding parameters the performance would be similar to other 
water based cutting fluids, and its exceptionally good performance seen in figure 5-7 
may have been a less representative result. Overall, it is reasonable to state from both 
sets of results that the use of neat oil cutting fluids consistently gives rise to the lowest 
levels of specific grinding energy due to their higher lubricity.  
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Figure 5-7 Comparative performance of cutting fluids in creep feed grinding. 
(Graph shows average values of specific grinding energy when different cutting fluids are used. Tests 
performed at 50m/s grinding wheel speed. 5 Bar pump pressure, 0,4mm depth of cut, 1mm/s feedrate, 
B252 grinding wheel. Error bars show maximum and minimum values of specific grinding energy 
calculated from the experimental data). 
 
Figure 5.9 shows the effect of cutting fluid selection on the specific grinding energy 
over a wider range of specific removal rates in creep feed grinding. Tests were 
performed using the same creep feed set-up as previously described, but the specific 
removal rate was increased by increasing the workpiece feedrate. The feedrate was 
increased from 1mm/s to 20mm/s whilst maintaining the depth of cut at 0,4mm to give a 
commensurate increase in specific removal rate from 0.4mm
3
/mm.s to 8mm
3
/mm.s. 
Tests were repeated four times for each set of grinding conditions to allow average 
values to be determined. The results clearly show that the use of a neat oil cutting fluid 
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in creep feed grinding consistently gives rise to lower levels of specific grinding energy 
in comparison to water soluble products, as the specific removal rate increases.  
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Figure 5-8 Comparative performance of cutting fluids in creep feed grinding at high wheel speeds. 
(Graph shows average values of specific grinding energy when different cutting fluids are used. Tests 
performed at 146m/s grinding wheel speed. 10 Bar pump pressure, 0,4mm depth of cut, 1mm/s feedrate, 
B252 grinding wheel. Error bars show maximum and minimum values of specific grinding energy 
calculated from the experimental data). 
 
Unlike the HEDG regime, the creep feed trials were all performed at very modest 
material removal rates in order to ensure the burn-out limit of the cutting fluids were not 
exceeded. This was originally done so that the convection coefficients of the cutting 
fluids could be measured. As a result, and in contrast to the HEDG regime described 
earlier where a reduction in specific energy resulted in a decrease in workpiece finish 
surface temperature, the complete opposite occurred during the creep feed grinding 
trials with the lowest finish surface temperature being measured when using water 
soluble fluids, despite the higher levels of specific grinding energy associated with their 
use. 
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Figure 5-9 Effect of cutting fluid selection on specific grinding energy in creep feed grinding. 
(Graph shows average values of specific grinding energy and the effect of increasing the specific removal 
rate (Q’) when different cutting fluids are used. Tests performed at  50m/s grinding wheel speed. 5Bar 
pump pressure, 0,4mm depth of cut, B252 grinding wheel. Error bars show maximum and minimum 
values of specific grinding energy calculated from the experimental data). 
 
To illustrate this, the finish surface temperature when grinding with Castrol Ilogrind 
was 64.6
o
C as opposed to 38.6
o
C
 
when using Castrol Hysol XH, despite an increase in 
specific grinding energy from 89.7 to 104.6 J/mm
3
, with the commensurate increase in 
the total heat flux generated by the grinding process, increasing from 401170W/m
2
 to 
4630068W/m
2
/ This was an increase of over 15% when grinding at wheel speed of 
50m/s, 0,4mm depth of cut, 1mm/s feedrate with the fluid being delivered at a pump 
pressure of 5 bar.  
 
This reversal is attributable to the cooling action of the grinding fluid within the 
grinding zone. Table 3.5 shows the convection heat transfer coefficients (convection 
coefficient) for the various cutting fluids tested during this project, and clearly shows 
that the convection coefficients are far higher for water based cutting fluids than for neat 
oil cutting fluid. Consequently, the cooling action of cutting fluid is far greater for water 
based cutting fluids.  
 
As a result a far greater proportion of the total heat energy is removed by, or partitioned 
to, the cutting fluid. For the grinding parameters in question, the average cutting fluid 
partition ratio was 0.93 when using the neat mineral oil cutting fluid (Castrol Ilogrind) 
which increases to an average of almost 0.99 when Castrol Hysol XH water soluble 
cutting fluid was used. In other words, the water soluble cutting fluid removed almost 
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99% of all the heat generated within the grinding zone, with the neat mineral oil only 
93%. This explains the fact that despite more thermal energy being generated by the 
grinding process, the workpiece finish surface temperature remains significantly lower 
when water based cutting fluids are used in creep feed grinding due to the change in 
thermal energy partitioning. In other words, when water based cutting fluids are used, 
just over 1% of the total thermal energy generated by the process enters the grinding 
wheel and workpiece combined (the energy entering the grinding chips is negligible in 
creep feed grinding due to the low workpiece feed rates employed), whereas 7% of the 
total thermal energy enters the grinding wheel and workpiece combined when neat oil 
cutting fluids are used. As the wheel / work partition ratio (see equation 3-7) is 
effectively constant for any given set of grinding conditions, it is easy to understand 
why the workpiece temperature was 26
o
C higher Castol Ilogrind, a neat oil cutting fluid 
was used.  
 
Empirically one would therefore think that water based cutting fluids are the most 
appropriate for the creep feed grinding regime due to the higher convection coefficients 
of the fluid and consequently their enhanced cooling ability over neat oil products. In 
fact Ye and Pearce (1984) found that water based were indeed superior to neat oil 
cutting fluids when creep feed grinding a nickel based alloy with an induced porosity 
grinding wheel as there was an increased likelihood of workpiece burn when using neat 
oil fluids, which could in turn result in reduced material removal rates (Ye and Pearce, 
1984).  
 
However Andrew and Howes (1985) reported that Hassell found the opposite was true 
and that higher material removal rates were achievable when using a neat oil cutting 
fluid when creep feed grinding hardened tool steel. Whilst the workpiece material 
changed, the other important factor was the wheel specification, as Hassell used a dense 
(low porosity) fine grain grinding wheel. Andrew and Howes (1985) point to the most 
likely explanation for this apparent contradiction being the reduction in wheel porosity 
which may have had more of an effect on the fluid application when using water based 
rather than a neat oil cutting fluid. Their conclusion was that highly porous grinding 
wheels are more necessary when water based cutting fluids are used in high stock 
removal grinding processes. 
 
Grinding trials performed by Bell (2005) at Cranfield University using a superabrasive 
grinding wheel, tend to support this argument. By their very nature, superabrasive 
grinding wheels are not porous like their conventional counter parts, and by following 
Andrews and Howes (1985) reasoning, neat oil cutting fluids should permit higher 
material removal rates to be achieved before the onset of thermal damage. Figure 5-9 
shows the results of the test performed by Bell (2005) on the Edgetek SAT machine, 
and clearly show that higher material removal rates were indeed achievable when using 
neat oil cutting fluids, as there was a sharp increase in finish surface temperature, at a 
specific removal rate of approximately 25mm
3
/mm.s when using a water soluble cutting 
fluid, due to fluid burnout. This sharp increase in finish surface temperature, from less 
than 100
o
C to almost 1000
o
C would have almost certainly resulted in thermal damage to 
the workpiece, as the threshold for thermal damage for the particular material in 
question (51CrV4) is approximately 400
o
C (Stephenson and Jin, 2002) 
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Whilst quality of this data suffers from the fact that only one test was performed for 
each grinding condition, making any assessment of variance impossible, these tests do 
confirm Hassel’s observation (Andrew and Howes, 1985) that higher removal rates are 
possible when using neat oil cutting fluids in creep feed grinding when using a grinding 
wheel of low porosity. 
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Figure 5-10 Effect of cutting fluid selection on finish surface temperature in creep feed grinding (Bell, 
2005) 
(Graph shows values of finish surface temperature calculated using experimental data at increasing 
specific removal rates for both a neat oil cutting fluid (Castrol Ilogrind 600SP) and a water soluble 
product (Castrol Hysol XH). Workpiece material 51CrV4, 1mm DOC, 150m/s wheel speed, B252 CBN 
grinding wheel, 10Bar Nozzle Pressure). 
5.3.3 Effect of Cutting Fluid on Surface Quality 
 
Cutting fluids play an import role in determining the surface quality of the workpiece, 
such as residual stress and the presence of any thermal damage. In conventional 
grinding regimes these are of particular importance, as these operations are often used 
as finishing processes. In order to determine the influence of the cutting fluid on the 
surface quality the following measurements / tests were performed. 
 
 Residual Stress 
 Microstructural Observations 
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5.3.3.1 Residual Stress 
 
Surface residual stress measurements were conducted using a Siemens X-Ray 
diffraction machine at Cranfield University which can be seen in figure 5.10. As 
previously stated in the literature review, X-Ray diffraction works on the principle that 
parallel sets of planes in any given crystalline structure can be used as a diffraction 
grating, in a similar way as fine parallel lines on a surface can be used to diffract light 
(Dowdell and Jerabek, 1943). The actual spacing between the planes in the crystalline 
structure is determined by chemical composition and physical conditions such as 
temperature and stress. It is possible to control all other effects on the plane spacing 
except that caused by stress, and therefore a unique linear correlation can be established 
between the distance between the planes of a crystal and the residual stress or strain 
(Heindlhofer, 1948). 
 
Fluid Vs 
(m/s) 
Vf 
(mm/s) 
DOC 
(mm) 
Pump 
Pressure 
(Bar) 
Normal 
Stress 
(MPa) 
Sheer 
Stress 
(MPa) 
Ilogrind 600SP 50 1 0.4 5 -295 +/- 17 -39+/-4 
Hysol XH @ 7% 50 1 0.4 5 -229 +/- 14 46+/-3 
Quakercool @ 7% 50 1 0.4 5 -258 +/-15 38 +/- 4 
Fuchs 22SR 50 1 0.4 5 -297 +/- 15 26+/-4 
Fuchs 40SR 50 1 0.4 5 -317 +/-16 22 +/- 4 
Castrol ES1 50 1 0.4 5 -320 +/-16 26 +/- 4 
Illogrind with 
AFMT @ 10% 
50 1 0.4 5 -452 +/- 19 26+/-4 
Hysol XH @ 7% 50 2 0.4 5 -258 +/- 15 45+/- 4 
Hysol XH @ 7% 50 4 0.4 5 -233 +/- 15 49 +/- 4 
Hysol XH @ 7% 50 8 0.4 5 -194 +/- 15 61 +/- 4 
Hysol XH @ 7% 50 20 0.4 5 -149 +/-14 66+/-3 
Illogrind 600SP 50 2 0.4 5 -488 +/- 21 -7 +/-5 
Illogrind 600SP 50 4 0.4 5 -244 +/- 15 -45+/-4 
Illogrind 600SP 50 8 0.4 5 -476 +/- 21 -3+/-5 
Illogrind 600SP 50 20 0.4 5 -478 +/- 22 -12 +/-5 
 
Table 5-5 Residual Stress Measurements for Creep Feed Grinding Tests. 
 
The residual stress results presented in table 5-5 and figure 5-11 show clearly that the 
use of neat oil cutting fluids produced surfaces that contained far higher levels of 
compressive residual stress than their water based counterparts when ground in the 
creep feed regime, and this increase may be useful in enhancing the service life of the 
component (Chen and Rowe, 2000). The higher levels of compressive stress are not 
attributable to any thermal effect, as during the creep feed grinding trials the finish 
surface temperature was typically less than 70
o
C even when neat cutting oils were used. 
This is far lower than 400
o
C, the threshold temperature for 51CrV4 above which 
microstructural changes in the material occur (Stephenson and Jin, 2002). 
 
 116 
Instead these compressive residual stresses were formed due to Hertzian compression 
and shear forces produced by the abrasive grains during the grinding process. These 
mechanical forces cause permanent plastic deformation of the work piece surface (Chen 
and Rowe, 2000). 
 
 
 
 
Figure 5-11 X-Ray diffraction machine used to measure surface residual stress of ground components. 
 
a) headstock 
b) X-Ray tube 
c) X Ray receiver 
d) Sample under test 
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Figure 5-12 Effect of cutting fluid selection on residual stress in creep feed grinding. 
(Results for Increasing Specific Removal Rate (Q’) at 50m/s Grinding Wheel Speed. 5Bar Pump Pressure, 
0,4mm Depth of Cut, B252 Grinding Wheel, Increasing Feedrate).Errors are shown in table 5-5 
5.3.3.2 Microstructural Observations. 
 
The measurement of surface residual stress only gives a partial insight into the residual 
stress profile within the workpiece. Surface compressive residual stresses can occur in 
thermally damaged components. If a phase transformation of the material has occurred, 
which is followed by rehardening as the workpiece cools, the surface layer will consist 
of untempered martensite (white layer), whilst the sub-layer has been tempered.  Since 
the untempered martensite has a greater lattice volume than the tempered martensite, 
compressive residual stress can be measured at the surface, whilst the subsurface 
contains tensile residual stresses (Chen and Rowe, 2000).  
 
Therefore in order to definitively ascertain whether any thermal damage had occurred in 
the workpiece, microstructural observations were performed on all the components 
ground in the creep feed regime. A typical micrograph is shown in figure 5-12. 
 
Microstructural observations revealed that there was no significant change in the 
microstructure of components ground in the creep feed regime when different cutting 
fluids were used. This was not unexpected however, due to the low temperatures 
measured during the grinding process, as the critical temperature below which no 
thermal damage would occur for 51CrV4 is typically 400
o
C (Stephenson and Jin, 2002). 
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Figure 5-13 Micrograph showing microstructure of component ground in the creep feed regime. 
(Sample taken from component ground using Castrol ES1,50m/s wheel speed, 1mm/s feedrate, 0,5mm 
depth of cut, 5  bar pump pressure). 
 
5.3.4 Summary 
 
The use of neat oil grinding fluids resulted in the lowest levels of specific grinding 
energy during these grinds. However, owing to the lower values of convection 
coefficient of the fluid, finish surface temperatures were significantly higher in 
comparison to components ground using water soluble products. Despite this fact, 
higher specific removal rates are achievable when using neat oil cutting fluids with 
superabrasive grinding wheels in the creep feed regime. This is important, as in some 
circumstances, higher material removal rates are achievable with water based cutting 
fluids. A good example of this is the VIPER grind process, which uses extremely 
porous grinding wheels and a high pressure cutting fluid supply to force fluid into the 
grinding wheel. The key difference with superabrasive grinding wheels is the porosity 
of the wheel. Superabrasive grinding wheels are simply not porous, and consequently 
the cutting fluid cannot be forced into the grinding wheel as in the VIPER process. This 
very important different explains why water based cutting fluids do not perform as well 
as neat oil based cutting fluids, in terms of highest material removal rates, when creep 
feed grinding with superabrasive grinding wheels. 
 
 The use of neat oil cutting fluids also produces surfaces with higher compressive 
residual stress than those generated with water soluble cutting fluids, and this can have a 
beneficial effect on the service life of the component. 
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6 Cutting Fluid Application 
 
6.1 Introduction 
 
An important aspect of this project was to determine the optimum method of applying 
the cutting fluid, not only to optimise the grinding process itself, but also to minimise 
the fire hazard. 
 
The findings in chapter five, grinding performance showed that for the HEDG grinding 
process, non-flammable water based fluids were inadequate. If neat oil cutting fluids are 
to be used, other means and measures need to be considered. Reducing cutting fluid 
mist and reducing grinding zone temperatures are key elements if the fire hazard is to be 
significantly reduced. 
 
As stated in chapter four, the reduction of cutting fluid mist is split into two main areas. 
The first area was to investigate chemical means of mist reduction by appropriate 
selection of cutting fluids. The second was to investigate mechanical means of mist 
reduction by improving cutting fluid application.  
 
It is in this second area, improving cutting fluid application, that attention will now be 
focused.  
6.2 Investigation of Oil Mist Density within the Machine 
Canopy 
 
In order to understand the influence of nozzle design and other fluid application 
parameters, such as delivery pressure and fluid flow rate, on the generation of cutting 
fluid mist within the machine canopy, a series of comparative tests were performed 
using different commonly used nozzle designs.  
6.2.1 Nozzle Designs. 
 
The effect on cutting fluid mist within the machine canopy of four different nozzle 
designs was tested. These are listed below and shown in figure 6-1.  
 
 Coherent Jet Nozzle (after Cui (1995)) 
 Coherent Rectangular Nozzle (after Cui (1995)) 
 Shoe Nozzle (after Ramesh and Yeo (2001) see appendix 8) 
 Flat Jet Spray Nozzle (Lechler part no. 652.361.16.00.00.0) 
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Figure 6-1 Nozzle Designs Tested in Cutting Fluid Misting Trials.   
Ø5mm coherent Jet Nozzle (Top Left), Coherent Rectangular (Top Right), Lechler Spray Nozzle (Bottom 
Left) and Shoe Nozzle (Bottom Right) 
6.2.2 Measurement of Cutting Fluid Mist in the Machine Canopy 
 
The Tyndallometer used to perform the cutting fluid screening tests detailed in chapter 
four was used to measure the cutting fluid mist level within the machine canopy of the 
Edgetek SAT cylindrical grinding machine. Due to the limited range of this instrument 
and the high levels of mist, which are clearly visible within the machine canopy (see 
figure 6.2), the Tyndallometer could not be mounted within the machine canopy.  
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Figure 6-2 Formation of cutting fluid mist in the bottom of the SAT Machine. 
Photograph taken moments after the flow of fluid has been started. Within seconds, this mist permeates 
throughout the machine. These mist levels are much higher than the saturation point of the Tyndallometer 
precluding its use inside the machine. 
 
The Tyndallometer was therefore mounted in a sealed plastic box mounted outside the 
machine canopy and a small amount of air / oil mist was drawn from inside the machine 
into the plastic box where the oil mist density could be measured.  
 
A Ø40mm hole was pre-drilled in the sealed box and a length of hose, of the same 
diameter, was used to connect the sealed box to a similar hole in the machine canopy. 
Custom flanges were used to ensure the pipe sealed correctly at both ends to minimise 
external contamination. A venturi was then used to create a slight vacuum in the sealed 
box in order to pull a constant flow of air through into the seal box which contained the 
Tyndallometer allowing the mist level within the machine canopy to be measured. This 
arrangement is shown in figure 6.3 with the venturi shown in figure 6.4 
6.2.3 Test Procedure 
 
A pre-ground Ø77mm workpiece was placed in the machine and a cylindrical traverse 
grind cycle, which removed no material, was performed. A simulated cycle was selected 
to create a controlled and constant testing regime which would allow fair comparisons 
between different nozzles to be made. The simulated grind cycle was performed three 
times for each set-up to allow mean values and variance to be calculated. The simulated 
test grind parameters are shown in table 6-1 unless otherwise stated. 
 
Measurement of the mist density within the machine canopy was then recorded 
manually every 10 seconds from the Tyndallometer display which started from the 
moment the grinding cycle was initiated (pressing cycle start) to allow the effect of 
different nozzle designs to be evaluated. 
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Simulated Test Grind Conditions 
Grinding Machine Edgetek SAT – 3 Axis Cylindrical Grinding Machine 
Grinding Mode Up Grinding 
Workpiece Dimensions : Ø77mm 
Material : 51CrV4 
Hardness : 59Rc 
Grinding Parameters Wheelspeed : 50m/s 
Workpiece Speed : 10rpm 
Depth of Cut : 0.0mm 
Cross Traverse Speed : 30mm/min 
Specific Removal Rate : 0mm
3
/mm.s 
Grinding Wheel Electroplated CBN wheel, B213 grit 
Diameter : 350mm 
Width : 30mm 
Wheel Drawing : 300 HP 700-350-30 (see appendix 3)  
Fluid Delivery Top Nozzle : Various 
Bottom Nozzle : None 
Grinding Fluids Castrol Ilogrind 600SP Neat Mineral Oil 
Number of Repeats 3 
Table 6-1 Simulated test grind parameters used to assess the influence of nozzle design and other fluid 
application parameters on oil mist generation within the machine canopy. 
 
 
 
                          a                   b       c               d 
Figure 6-3 Hund TM Data Tyndallometer mounted in a seal plastic box.  
A Ø40mm black hose is used to connect the Tyndallometer to the hole cut in the machine canopy. A 
Ø6mm clear nylon pipe is connected to a venturi that draws a constant flow of mist from the machine. 
a) Black hose used to draw mist from the machine canopy  
b) Sealed Plastic Box 
c) Hund TM Data Tyndallometer 
d) Machine Canopy 
 123 
 
                 a             b      c 
 
Figure 6-4 Venturi used to pull a constant flow of cutting fluid mist for measurement.  
Venturi used to pull a constant flow of cutting fluid mist from the machine canopy though to the 
Tyndallometer where it can be measured. Pressure regulator maintained at 5 bar for all tests performed 
to ensure consistency.  
 
a) Pneumatic pressure regulator with integral pressure gauge 
b) Venturi 
c) Pneumatic silence 
 
6.2.4 Results 
6.2.4.1 Effect of Nozzle Design on Mist Generation 
 
The results in table 6-2 show the relative oil mist density within the machine canopy for 
typical creep feed grinding conditions. Throughout these particular tests, the pump 
pressure was maintained at a constant pressure as far as was practicable so that any 
influence in the mist levels within the machine canopy caused by variations in delivery 
pressure was minimised. The exception to this was the shoe nozzle.  
 
Jet and spray nozzles are typically designed to operate at relatively high pressures in 
order to focus the cutting fluid to the desired area of the grinding zone. Conversely, 
shoe nozzles are low pressure devices and are typically used to coat the grinding wheel 
with cutting fluid. The supply pressure was therefore minimised when using the shoe 
nozzle in order to minimise the fluid flow rate, the conventional approach for this type 
of nozzle. The resultant mist levels are therefore more representative of what one would 
typically expect in normal grinding conditions.  
 
The shoe nozzle produced the lowest levels of mist, both in terms of actual mist 
generated and the mist generated per unit flow of cutting fluid. Conversely, the spray 
nozzle produces significantly higher levels of mist per unit flow of cutting fluid. Since 
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the aim of the cutting fluid application strategy is to minimise mist generation in order 
to reduce the inherent fire hazard, the spray nozzles are clearly inadequate for this 
purpose. 
 
Nozzle Pressure 
(Bar) 
Flow 
(l/min) 
Mist after 70 
seconds (mg/m
3
) 
Deviation Mist / Flow 
(mg.min/m
3
/l) 
Spray 
Nozzle 
8 (min 
attainable) 
3 16.4 13% 5.5 
G0,75 0.9 x 
20mm 
Rectangular 
7.5 32 16.4 6% 0.5 
G0,75 5mm 
Round 
7.5 35 36.3 1.4% 1.0 
 
Shoe Nozzle 5 50 13.5 4% 0.27 
Table 6-2 Effect of nozzle selection on cutting fluid mist generation within the machine canopy.  
Results for 30m/s wheel speed, 10rpm work speed. Cutting fluid : Castrol Ilogrind 600SP.  
6.2.4.2 Effect of Flow Rate and Supply Pressure on Mist Generation 
 
Leaving aside any variance between the different nozzles, (i.e. between 2mm and 5mm 
round nozzles) which may be attributable to simple random variations such as internal 
surface finish etc, table 6-3 shows that for any given nozzle design, increasing the 
nozzle pressure increases the amount of mist generated.  
 
 
Nozzle Pressure 
(Bar) 
Flow 
(l/min) 
Mist after 70 
seconds (mg/m
3
) 
Deviation Mist / Flow 
(mg.min/m
3
/l) 
G0.375 
2mm 
Round 
20 10 25.8 4.5% 2.6 
G0.375 
2mm 
Round 
7.5 5 13.9 28% 2.8 
G0.375 
5mm 
Round 
20 46 22.9 3% 0.5 
 
G0.375 
5mm 
Round 
7.5 28 5.8 7.2% 0.2 
Table 6-3 Effect of delivery pressure and flow rates on cutting fluid mist generation within the 
machine canopy.  
Results for 30m/s wheel speed, 10rpm work speed. Cutting fluid: Castrol Ilogrind 600SP.  
 
The increase in oil mist density is a result of the increase in the volume of cutting fluid 
being applied, as the fluid flow rate increases with increases in fluid delivery pressure. 
This is shown by the fact that the values of mist per unit flow (mist / flow) of cutting 
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fluid do not change significantly between low and high delivery pressures (and thus low 
and high cutting fluid flow rates). Consequently, for any given nozzle aperture, pump 
pressures should be minimised in order to minimise the resultant fluid flow rate, and 
thus to minimise the resultant cutting fluid mist within the machine canopy.  
6.2.4.3 Effect of Grinding Wheel speed on Mist Generation 
 
Figure 6-5 shows the effect of increasing the grinding wheel speed on fluid mist 
generation within the machine canopy. The effect of the grinding wheel speed has a far 
greater effect on the oil mist density within the machine than either the nozzle design 
(see table 6-2) or changes in the fluid delivery pressure (see table 6-3). The grinding 
wheel essentially acts as a large oil mist generator, an effect of which can be seen 
clearly in figure 6-6.  
 
 
Figure 6-5 Effect of grinding wheel speed on cutting fluid mist generation within the machine canopy.  
Cutting fluid : Castrol Ilogrind 600SP.  
 
Unfortunately, high grinding wheel speeds are essential in HEDG in order to reduce the 
chip thickness and lower the grinding forces. In other grinding regimes, surface finish 
may be important, which again may determine what grinding wheel speed is selected. 
Minimising the grinding wheel speed in order to minimise cutting fluid mist may not 
therefore be an option.  
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Nozzle Flow 
(l/min) 
Wheelspeed 
(m/s) 
Mist after 20 
seconds (mg/m
3
) 
Deviation Mist / Flow 
(mg.min/m
3
/l) 
G0.375  
2mm Round 
10 30 29.3 3% 2.9 
G0.375  
2mm Round 
10 150 43.32 1% 4.3 
G0.375  
5mm Round 
46 30 22.1 3.7% 0.5 
 
G0.375  
5mm Round 
46 150 96.58 2% 2.1 
Table 6-4 Effect of wheel speed on cutting fluid mist generation within the machine canopy. Results 
for 20 bar delivery pressure.  
Cutting fluid : Castrol Ilogrind 600SP.  
 
Figure 6-5 shows the benefit of reducing the fluid flow rate when operating at high 
grinding wheel speeds. This is more clearly shown by the values of mist generation per 
unit flow rate displayed in table 6-4. Whilst there is undoubtedly a significant increase 
in mist generated when using the 2mm round nozzle, where the mist generation per unit 
flow almost doubles from 2.9 to 4.3 mg.min/m
3
/l, when the wheel speed is increased 
from 30 to 150m/s, the increase is far larger for the 5mm round nozzle. With the 5mm 
round nozzle, the increase in mist generation per unit flow increases over four fold, 
increasing from 0.5 to 2.1 mg.min/m
3
/l. for the same increase in grinding wheel speed. 
This increase is attributable to the higher fluid flow with the 5mm nozzle.  
 
 
Figure 6-6 Formation of cutting fluid mist by the action of the grinding wheel. 
 With the grinding wheel rotating at 2000rpm, the formation of a mist can be clearly observed. The mist is 
formed by a variety of different droplet sizes. Cutting fluid: Castrol ES1 
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6.3 Influence of Nozzle Design on Grinding Performance 
6.3.1 Introduction 
 
As a result of the relatively poor performance of the spray nozzle in the misting tests 
detailed in the previous section on the effect of nozzle design within the machine 
canopy, comparative cylindrical traverse grinding trials in both the Creep and HEDG 
regimes were conducted using coherent rectangular, coherent round and shoe nozzles on 
the Edgetek SAT machine in order to ascertain the influence of the nozzle design on the 
grinding process. 
 
Cylindrical traverse grinding operations were selected in preference to a plunge 
grinding operation, as the main focus of the project was to investigate the new process 
of superabrasive turning as described in chapter one, in other words the cylindrical 
HEDG traverse grinding regime. 
  
Grinding power was measured using a Load Controls Inc. Model UPC Hall Effect 
Transducer (see appendix 2) installed on the SAT machine and National Instruments 
PCI6036E data acquisition system with dedicated Labview software for data 
acquisition. Data was recorded at 1000 samples per second for 30 seconds. Test grinds 
were repeated three times to allow mean values and variance to be calculated. 
 
The influence of the cutting fluid was measured by conducting a “spark out” cut, where 
the steady state grinding wheel power is measured whilst the wheel and workpiece 
rotate at the prescribed speeds whilst in contact, and the cross traverse and in-feed axes 
remain stationary. 
6.3.2 Creep Feed Regime 
 
Table 6-5 details the grinding parameters used to evaluate the effect of different nozzle 
designs on grinding performance in creep feed grinding. For creep feed grinding, a 
specific removal rate (Q’) of approximately 20 was used, which was calculated using 
equation 6-1. 
 
Equation 6-1 
 
 Q’= (π.D.N) . ae 
  60 
   
where   Q’ = specific removal rate (mm3/mm.s) 
D =  work piece diameter (mm) 
N = rotational speed (rpm) 
ae = depth of cut (mm) 
 
The apertures of the coherent rectangular and the coherent round nozzles were matched 
as far as was practicable so that when operated at the same supply pressure, both nozzle 
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designs would provide similar fluid flow rates. This was to allow fair comparisons to be 
made.  
 
The position of both the rectangular and round nozzles was set so that the jet of cutting 
fluid was focused toward the leading edge of the grinding wheel, slightly before the 
grinding wheel entered the grinding zone (see figure 6-7). This is the conventional way 
to set up this type of nozzle. 
 
Creep Feed Grinding Test Conditions 
Grinding Machine Edgetek SAT – 3 Axis Cylindrical Grinding Machine 
Grinding Mode Up Grinding 
Workpiece Dimensions : Ø79mm 
Material : 51CrV4 
Hardness : 59Rc 
Grinding Parameters Wheel speed : 50m/s 
Work piece Speed : 10rpm 
Depth of Cut : 0.5mm 
Cross Traverse Speed : 30mm/min 
Specific Removal Rate : 4mm
3
/mm.s 
Grinding Wheel Electroplated CBN wheel, B213 grit 
Diameter : 350mm 
Width : 30mm 
Wheel Drawing : 300 HP 700-350-30 (see appendix 3)  
Fluid Delivery Pump Pressure: 15 bar 
Top Nozzle :  
a) Ø5mm coherent jet nozzle. 6 Bar Pump Pressure, 32l/min 
b) 0.9mm x 20mm coherent rectangular nozzle. 6 Bar Pump 
Pressure, 30l/min 
c) Shoe nozzle 7.5 Bar Pump Pressure, 19l/min 
Bottom Nozzle : None 
Grinding Fluids Castrol Ilogrind 600SP Neat Mineral Oil 
Number of Repeats 3 
Table 6-5 Grinding parameters used to assess the influence of nozzle design in creep feed grinding. 
 
The exception to this was again the shoe nozzle for the reasons stated earlier. The shoe 
nozzle was set-up so as to minimise the fluid flow rate with the pressure being adjusted 
to the minimum attainable pressure on the supply pump. It should be noted that the shoe 
nozzle was in fact modified after the tests detailed in section 6.2 in order to restrict the 
flow, which was deemed to be excessive at 50l/min at a supply pressure of 5bar. 
Consequently, the fluid flow rate dropped to 19l/min at a supply pressure of 7.5bar. 
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Figure 6-7 Alignment of the Cutting Fluid Application Nozzles. 
Both the rectangular and round coherent nozzles were adjusted so that the cutting fluid hit the grinding 
wheel slightly ahead of the grind zone, and toward the leading edge of the grinding wheel. 
6.3.2.1 Results 
 
The use of the shoe nozzle resulted in the lowest net “grind” power (figure 6-8) and 
consequently the lowest specific grinding energy (figure 6-9) for all the different 
nozzles tested under similar creep feed grinding conditions. This was despite the high 
total power measured during tests. This is attributable to the differences in the fluid 
velocity between the shoe nozzle and both the rectangular and round nozzles. 
 
The mean cutting fluid velocity exiting both the rectangular and round nozzle, which 
was calculated using equation 6-2, was very similar, being 27.7m/s and 27.2m/s 
respectively. When using a shoe nozzle however, the fluid velocity is effectively zero 
(Andrew and Howes, 1985), thus despite having the lowest flow rate and the lowest 
grind power, the use of the shoe nozzle resulted in the highest total power, the extra 
power being required to accelerate the cutting fluid to grinding wheel speed. 
 
Equation 6-2 
  Q = AV    (Granet, 1996) 
 
therefore V = Q / A 
 
where   V = mean fluid velocity  
  Q = volume rate of flow 
  A = aperture area 
 
Nozzle 
Nozzle 
Workpiece 
vs 
Direction of 
Traverse 
Workpiece 
Grinding Wheel 
vs 
vw 
Grinding Wheel 
vw 
Leading 
Edge 
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Figure 6-8 Influence of nozzle design on both the total grind power and the net grind power for 
cylindrical creep feed traverse grinding. 
 
 
Figure 6-9 Influence of nozzle design on specific grinding energy for cylindrical creep feed traverse 
grinding. 
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However, the low specific grinding energy results, witnessed when using a shoe nozzle 
during these tests, must have been as a consequence of a reduction in the tangential 
grinding force (see equation 2.4) attributable to improved fluid application when using 
this type of nozzle, as all the other parameters remained constant.  
 
It can also be inferred that the amount of heat energy generated in the grinding zone 
must be also lower. Equation 6-3 shows that the amount of thermal energy generated by 
the grinding process (qt) is proportional to the specific grinding energy (ec). As the 
thermal energy generated by the grinding zone is distributed or partitioned to the four 
different elements of the grinding process (see figure 2-4), a reduction in the total 
thermal energy (qt) as signified by a reduction on the specific grinding energy, it follows 
that there must be a reduction in the amount thermal energy entering the workpiece. 
This is because the wheel/work partition ratio (Rws) is fixed both by the process 
parameters and the relative thermal properties of the grinding wheels and the workpiece 
(see equation 3-7). Therefore comparatively low levels of specific grinding energy 
signify a reduced likelihood of thermal damage to the workpiece. Reducing the grinding 
zone temperature also has the obvious beneficial effect of reducing the potential fire 
hazard within the grinding machine.  
 
Equation 6-3 
  
qt=ec . ae .vw / lc   (Stephenson and Jin, 2003) 
  
Where  
  qt = total heat flux 
  ec = specific grinding energy 
  ae= depth of cut 
  vw = work piece feedrate 
  lc = arc of contact 
 
6.3.2.2 Barkhausen Noise Measurements. 
 
Barkhausen noise measurements were taken to establish whether there were any 
significant differences in the metallurgical properties of components ground using 
different fluid application nozzles. The components were placed on a custom test bed, 
where they could be rotated at constant speed via the motorised headstock. Stresstech 
Rollscan 200 equipment used in conjunction with ViewScan software was then used to 
take Barkhausen noise measurements around the periphery of the component. This set-
up can be seen in figure 6-10. Barkhausen noise measurements were taken every one 
degree of rotation at constant magnetisation and gain settings. 
 
A reference component was also prepared which was ground extremely conservatively 
to ensure no thermally dependant metallurgical changes occurred within in the 
workpiece, and yet have a comparable surface finish to the test components as it is 
known that surface finish affects the Barkhausen noise response. The grinding 
parameters used to prepare the reference component can be seen in table 6-6 
 132 
Reference Component Grinding Parameters 
Grinding Machine Edgetek SAT – 3 Axis Cylindrical Grinding Machine 
Grinding Mode Up Grinding 
Workpiece Dimensions : Ø79mm 
Material : 51CrV4 
Hardness : 59Rc 
Grinding Parameters Wheelspeed : 50m/s 
Workpiece Speed : 10rpm 
Depth of Cut : 0.1mm 
Cross Traverse Speed : 30mm/min 
Specific Removal Rate : 20mm
3
/mm.s 
Grinding Wheel Electroplated CBN wheel, B213 grit 
Diameter : 350mm 
Width : 30mm 
Wheel Drawing : 300 HP 700-350-30 (see appendix 3)  
Fluid Delivery Shoe nozzle 7.5 Bar Pump Pressure, 19l/min 
Bottom Nozzle : None 
Grinding Fluids Castrol Ilogrind 600SP Neat Mineral Oil 
Number of Repeats 3 
Table 6-6 Grinding parameters used to grind reference component used for comparative Barkhausen 
noise measurements. 
 
 
 
 
Figure 6-10 Barkhausen noise measurement of cylindrical components.  
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Figure 6-11 shows the results of the Barkhausen noise measurements for the 
components ground using different nozzle designs along with the reference component 
for comparison purposes. It clearly shows that there was no significant difference in the 
Barkhausen noise response, as indicated by changes in the Mp value, between 
components ground using different nozzle designs, or with the reference component 
indicating there is no significant differences or changes in the metallurgical properties 
of the components.  
 
 
Figure 6-11 Results of Barkhausen noise measurements of cylindrical components traverse ground in 
the creep feed regime using different nozzle designs.  
 
These results indicate that not only did the finish surface temperatures not exceed the 
temperature threshold, approximately 400
0
C for 51CrV4 (Stephenson and Jin, 2002), at 
which metallurgical changes within the material would occur, but also they also indicate 
that the contact temperature during the grind could not have exceeded 300
o
C, the fluid 
burn out limit for neat cutting oils.  
 
In creep feed grinding, over 90% of the total heat generated is removed by the cutting 
fluid, and it is this mechanism that ultimately controls workpiece temperature. In the 
creep feed regime, the point at which the cutting fluid burn out limit is reached is 
characterised by a massive increase in the contact temperature. Since the creep feed 
regime employs very low workpiece speeds, this thermal energy cannot be removed by 
the grinding chips (as is the case in HEDG), but instead is conducted into both the 
grinding wheel but most importantly the workpiece, where it caused thermal damage.  
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6.3.3 HEDG Regime 
 
The same experimental procedure as the creep feed grinding tests detailed in section 
6.3.2 was followed for the HEDG regime tests with the obvious exception of the 
grinding parameters which are shown in table 6-7 
 
HEDG Test Conditions 
Grinding Machine Edgetek SAT – 3 Axis Cylindrical Grinding Machine 
Grinding Mode Up Grinding 
Workpiece Dimensions : Ø79mm 
Material : 51CrV4 
Hardness : 59Rc 
Grinding Parameters Wheel speed : 150m/s 
Work piece Speed : 1000rpm 
Depth of Cut : 0.5mm 
Cross Traverse Speed : 100mm/min 
Specific Removal Rate : c.2000mm
3
/mm.s 
Grinding Wheel Electroplated CBN wheel, B213 grit 
Diameter : 350mm 
Width : 30mm 
Wheel Drawing : 300 HP 700-350-30 (see appendix 3)  
Fluid Delivery Pump Pressure: 15 bar 
a) Ø5mm coherent jet nozzle. 6 Bar Pump Pressure, 32l/min 
b) 0.9mm x 20mm coherent rectangular nozzle. 6 Bar Pump 
Pressure, 30l/min 
c) Shoe nozzle 7.5 Bar Pump Pressure, 19l/min 
Bottom Nozzle : None 
Grinding Fluids Castrol Ilogrind 600SP Neat Mineral Oil 
Number of Repeats 3 
Table 6-7 Grinding parameters used to assess the influence of nozzle design in HEDG. 
6.3.3.1 Results 
 
In contrast to the creep feed grinding tests, when conducting cylindrical HEDG traverse 
grinding, the use of round and rectangular coherent nozzles resulted in lower net 
grinding powers (see figure 6-12) and consequently lower specific grinding energies 
(see figure 6-13) than the shoe nozzle under similar process conditions.  
 
As with the creep feed grinding regime, the low specific grinding energies witnessed 
were as a consequence of a reduction in the tangential grinding force (see equation 2.4) 
as a result of improved fluid application, but in this instance it was attributable to the 
use of the rectangular and round coherent nozzles, as all the other parameters remained 
constant. It can also be reiterated that the amount of heat energy generated in the 
grinding zone must also be lower (see equation 6-3) and thus the likely-hood of thermal 
damage to the workpiece is reduced, and as with the creep feed grinding trials, reducing 
the grinding zone temperature has the obvious beneficial effect of reducing the potential 
fire hazard within the grinding machine 
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Figure 6-12 Influence of nozzle design on both the total grind power and the net grind power for 
cylindrical HEDG traverse grinding. 
 
 
Figure 6-13 Influence of nozzle design on specific grinding energy for cylindrical HEDG traverse 
grinding. 
 
One possible explanation for this reversal in the performance of the different nozzle 
designs between creep feed and HEDG regimes is that the increase in grinding wheel 
speed in the HEDG regime results in more cutting fluid being spun off the grinding 
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wheel when using the shoe nozzle, with the consequent reduction in the amount of fluid 
entering the grinding zone for lubrication purposes.  
 
Due to the bulky nature of the coolant shoe, which can clearly be seen in figure 6-1, the 
shoe was positioned 50mm above the grinding wheel centreline. This allowed the 
component, nominally 80mm in diameter (40mm radius) to pass under the shoe nozzle 
with a clearance of approximately 10mm, when the grinding wheel advanced to contact 
the component. As a result, the cutting fluid that is “attached” to the grinding wheel has 
to pass through a relatively large arc before entering the grinding zone, whilst being 
subjected to a significant centrifugal force as a result of the high grinding wheel speed. 
Obviously, the high centrifugal force will want to throw the cutting fluid from the 
periphery of the grinding wheel.  
 
This spin off effect was to some extent witnessed when conducting the misting trials 
detailed in section 6.2. When conducting tests with the shoe nozzle at a grinding wheel 
speed of 30m/s, the average relative mist level within the machine canopy reached 
13.7mg/m
3
 after 70 seconds. When the grinding wheel speed was increased to 150m/s, 
the relative mist level exceeded 100mg/m
3
, the saturation limit of the Tyndallometer, in 
less than 20 seconds. When operating a 5mm round nozzle at 150m/s  (refer to table 6-
4), which delivered similar amounts of cutting fluid as the unmodified shoe nozzle, the 
relative mist level was measured at 96.58mg/m
3
 mist level after 20 seconds. Whilst this 
was close to the saturation limit of the Tyndallometer, the oil mist density certainly did 
not exceed it, despite the fact that when the same nozzle was operated at 30m/s, it 
resulted in a mean relative oil mist density of 22.1mg/m
3 
after 70 seconds, significantly 
higher than the level of mist experienced when using the shoe nozzle under similar 
conditions. 
6.3.3.2 Barkhausen Noise Measurements 
 
As with the creep feed grinding trials, Barkhausen noise measurements were taken to 
establish whether there was any significant differences in the metallurgical properties of  
components ground using the different nozzle designs within the cylindrical HEDG 
traverse grinding regime. The set-up of the Barkhausen noise equipment was the same 
as that used for the creep feed grinding trials described in 6.3.2.2.  
 
Figure 6-14 shows the results of these tests and, as for the tests conducted in the creep 
feed regime, they show there is no significant difference in the Barkhausen noise 
response, as indicated by changes in the Mp value, either between components ground 
using different nozzle designs or with the reference component. This indicates that there 
are no significant changes or differences in the metallurgical properties of the 
components.  
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Figure 6-14 Results of Barkhausen noise measurements of cylindrical components traverse ground in 
the HEDG regime using different nozzle designs.  
 
The significance of these results is that despite working in the HEDG regime where 
very high contact temperatures are a characteristic of the process, the finish surface 
temperatures did not exceed the temperature threshold, approximately 400
0
C for 
51CrV4 (Stephenson and Jin, 2002), at which metallurgical changes within the material 
would occur.  
 
These results show that despite the very high contact temperatures associated with 
HEDG, coupled with the fact that there would have been little or no cooling of the 
grinding zone by the cutting fluid (a consequence of fluid burn out), HEDG can used to 
machine components at very high material removal rates without causing thermal 
damage to the work piece, if the grinding parameters, and in particular the workpiece 
feed rate, are properly selected such that most of the thermal energy is removed by the 
grinding chips.   
6.4 Summary 
 
The grinding wheel, and more specifically, the grinding wheels rotational speed, is the 
primary source of mist generation within the machine canopy. Nozzle design has only a 
minor influence of the total amount of mist generated within the machine. This said, 
spray nozzles should not be used for cutting fluid application due to the 
disproportionately high levels of mist generated within the machine canopy associated 
with their use, and the subsequent increase in the fire hazard. However it is clear that 
cutting fluid nozzles should not be selected solely on their mist performance. 
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Fluid flow rates and delivery pressures should be minimised in order to minimise the oil 
mist density within the machine canopy, whilst still maintaining an adequate supply for 
lubrication and, in the creep feed regime, cooling of the grinding zone.  
 
Shoe nozzles should be used for creep feed grinding due to the lower specific grinding 
energy witnessed when using this type of nozzle. Consequently there will be a reduction 
in the grind zone temperature which reduces the risk of thermal damage to the 
workpiece and reduces the potential fire hazard. Shoe nozzles also offer low mist levels 
at grinding wheel speeds typically associated with creep feed grinding. 
 
Coherent round or coherent rectangular nozzles are more suitable for the cylindrical 
traverse grinding in the HEDG regime as the use of these nozzles resulted in the lowest 
levels of specific grinding energy with the subsequent reduction on grind zone 
temperature. 
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7 Validation of Cutting Fluid Application Strategy 
7.1 Introduction 
 
The aim of this thesis was to produce a cutting fluid application strategy for the 
cylindrical HEDG regime, or the SATURN process as it is sometimes known, based 
upon the thermal characteristics of the cutting fluid in order to produce a coherent  and 
robust strategy suitable for industrial applications. The strategy has two key elements, 
the first being cutting fluid selection, the second being cutting fluid application. The 
strategy developed in this thesis therefore answers the fundamental question of “what is 
the most appropriate cutting fluid for the cylindrical HEDG regime based on the thermal 
characteristics of the fluid, and how do we best apply this cutting fluid”.  
 
In chapter one, the formation of this coherent fluid application strategy was split up into 
several distinct stages, and it is important to review these elements before moving on to 
the discussion of the actual work carried out in to develop the strategy.  
 
a. To establish the properties of the cutting fluid which have a thermal impact on 
the grinding process. 
 
b. To develop a standardised test program aimed at measuring the above 
properties. 
 
c. Use the data from the standardised test program to select the most effective 
cutting fluid for the cylindrical HEDG process.  
 
d. To investigate different nozzle designs typically used for fluid application in 
grinding operations to determine the most effective and efficient method of fluid 
application. 
 
e. To minimise the volume of cutting fluid used in the cylindrical grinding process 
 
f. To reduce the environmental impact of the grinding process attributable to the 
use of cutting fluids.  
 
g. To propose a best practice fluid application strategy for the cylindrical HEDG 
regime.  
  
The first stage of developing a cutting fluid application strategy based on the thermal 
characteristics of the cutting fluid was, obviously, to establish exactly which 
characteristics of the cutting fluid had a thermal impact on the grinding process. The 
literature presented in chapter two shows there are four areas where the cutting fluid has 
a thermal impact on the grinding process. These are: 
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 Cooling 
 Lubrication 
 Ignition 
 Misting 
 
The first item in this list is self evident, but lubrication is also a key thermal 
characteristic when one considers that with the “notable exception of creep feed 
grinding, cooling by grinding fluids appears to be generally ineffective in lowering the 
peak temperature within the grinding zone With improved lubrication and reduced 
wheel dulling, the grinding forces are reduced thereby lowering the grinding zone 
temperature and the tendency for thermal damage”. (Malkin, 1989) 
 
Once these thermal characteristics, the second stage of the program was to develop a 
testing regime that could evaluate the all the different thermal characteristics that impact 
on the grinding process. This testing regime could then be used to fairly compare and 
contract the performance of different cutting fluids. 
 
Furthermore, it was also important to consider some of the practical experience gathered 
when operating in the HEDG regime, most notably in respect of machine fires that were 
experienced during the course of this project, and these will also be discussed in this 
chapter. This practical experience combined with the results presented in chapters 3 to 6 
will also be used to develop the cutting fluid application strategy. 
7.2 Cutting Fluid Selection 
 
Chapter three focussed on the convection coefficient of the cutting fluids, which is a 
measure of a cutting fluids ability to cool the grinding zone.  The results shown in table 
3-5 clearly show water based cutting fluids have a significantly higher convection 
coefficient that their neat oil counterparts, typically one order of magnitude greater. 
Typical values for a water based cutting fluid (Hysol XH for example) 258911W/m
2
K 
contrasts greatly with the 97728W/m
2
K for a typical neat oil cutting fluid (Castrol 
Ilogrind 600SP). The results presented in chapter three clearly showed water based 
cutting fluids were far more effective at removing heat from the grinding zone.  
 
This result was, however expected. The literature presented in chapter 2 showed that a 
number of different researchers working in this field had found similar findings. Jin and 
Stephenson (2003a) predicted values of up to 180000W/m
2
K and 60000W/m
2
K for 
water based and neat oil cutting fluids respectively. Furthermore, even the most crude of 
models, the “fluid wheel” model shown in equation 2.2 (Rowe, 2001a: Jin and 
Stephenson, 2002) showed that the convection coefficient of the cutting fluid was 
proportional to the thermal property of the cutting fluid. With water based cutting fluids 
having a far high thermal property, no least attributable to their very high values of 
thermal conductivity made these results almost inevitable.   
 
Cooling, as stated previously, is not the only characteristic if the cutting fluid to have a 
thermal impact on the grinding process, fluid lubricity, ignition and misting 
characteristics of the fluid are also vitally important. Chapter four focused on these 
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other three thermal characteristics, but the results in chapter five meant the conclusions 
drawn from these tests would be far more significant.  
 
Chapter five presented the results of investigations onto the performance of different 
cutting fluids under real grinding conditions, both in the HEDG regime and in the creep 
feed grinding regime for comparison purpose. The results clearly show that neat oil 
cutting fluids were superior to water based cutting fluids when used in the HEDG 
regime, the principal area of interest for this thesis. 
The use of neat oil cutting fluids in the HEDG regime resulted in significantly lower 
levels of specific grinding energy (see figure 5-3), lower grinding forces (see figure 5-4) 
and grinding powers (see figure 5-5), both the total and the grind power, than when 
water based cutting fluids were employed under similar grinding conditions.  
 
Despite significantly lower levels of convection coefficient (see table 3-5), neat oil 
cutting fluids, samples ground using a neat oil cutting fluid were subjected to 
significantly lower contact zone temperatures (see figure 5-6) and consequently the 
depths of thermal damage as witnessed by a layer of untempered martensite or white 
layer below the ground surface (see figure 5-6) 
 
The apparent contradiction of water based cutting fluids giving rise to the highest grind 
zone temperatures despite having far better cooling characteristics is easily explained if 
one considers the relationship between the specific grinding energy and the total thermal 
energy entering the system (refer to equation 2-5). For any given set of process 
parameters (wheel speed, depth of cut etc.), the total thermal energy generated by the 
grinding process is proportional to the specific grinding energy.  
 
For any given set of process parameters, the specific grinding energy is proportional to 
the tangential grinding force (see equation 2-4), and that good lubrication of the 
grinding zone reduces the grinding forces (Brinksmeier and Heinzel, 1999), the use of 
neat oil cutting fluids will result in less thermal energy entering the system.  
 
Furthermore, the aggressive nature of the HEDG regime, mean high contact 
temperatures (but not necessarily finish surface temperatures, there is an important 
distinction between the two) are characteristic of the process, fluid burnout is almost 
inevitable. Consequently, the cooling action of the fluid is automatically reduced almost 
to zero (Andrew and Howes, 1985; Ohishi S. Furukawa , 1985; Howes, 1990). It is 
therefore vital, for any given set of process parameters, to select a cutting fluid with 
high lubricity to ensure the grind zone is sufficiently lubricated, thus reducing the 
frictional forces and consequently the total thermal energy generated by the process. 
With neat oil cutting fluids offering the highest levels of lubrication, a fact shown with 
the presented in chapter 5 and supported by the results of the torque force tests 
presented in section 4.2.2, neat oil cutting fluids are the most appropriate for the HEDG 
regime. 
 
This is a key finding, but one that was not surprising when once considers that, as 
previously stated, with the “notable exception of creep feed grinding, cooling by 
grinding fluids appears to be generally ineffective in lowering the peak temperature 
within the grinding zone” (Malkin, 1989). Furthermore, Malkin (1989) continues “With 
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improved lubrication and reduced wheel dulling [wear of the abrasive grains], the 
grinding forces are reduced thereby lowering the grinding zone temperature and the 
tendency for thermal damage. These considerations would seem to weigh heavily on 
favour of cutting oils as opposed to soluble oils [water based cutting fluids]”. This 
passage was not written with particular reference to the HEDG regime, but it perfectly 
summarises the experimental findings for HEDG presented in chapter five. 
 
Since water based cutting fluids are not best suited for the HEDG regime, despite the 
obvious benefit of being non flammable, due to their poor lubricity attributable to the 
fact that these fluids cannot develop the necessary elastohydrodynamic separating films 
needed in the high pressure contact conditions associated with all grinding regimes 
(Marinescu and Rowe, 2004), elimination of the potential fire hazard is virtually 
impossible. The consequence of this is that the other two thermal characteristics of the 
grinding fluid, the misting and the ignition characteristics, suddenly become vitally 
important if a robust fluid application strategy is to be developed. In order to produce a 
strategy robust enough for industrial applications, steps must be taken to significantly 
reduce the potential fire hazard.   
 
Empirically, the first step on reducing the potential fire hazard is to select a cutting fluid 
that was the most resistant to ignition, as the option of selecting a non-flammable water 
based cutting fluid is not available. The results of the fluid ignition trials showed high 
viscosity ester based cutting fluids were the most difficult fluids to ignite, as in both the 
tests performed to ignite any cutting fluid evaporate presented in section 4.4.2, and the 
fluid mist ignition tests presented in section 4.4.3, the high viscosity ester based fluid 
needed to be raised to the highest temperature before ignition would occur.  
 
Secondly, as the literature showed that fluid mists can be readily ignited, sometimes at 
temperatures below the base fluids flashpoint (Bowen and Shirvill, 1994; Bowen and 
Shirvill, 1994a; Maragkos and Bowen, 2002) so the reduction of the mist level in the 
machine canopy by selecting a cutting fluid that produces comparatively low levels of 
mist will further reduce the potential fire hazard. The results from the cutting fluid 
misting trials presented in chapter four (section 4.3.3) again show that high viscosity 
ester based cutting fluids were the best in this respect, producing the lowest levels of 
cutting fluid mist of all the different cutting fluids evaluated. 
 
For ignition of a cutting fluid, whether it is the cutting fluid evaporate or the cutting 
fluid mist (the bulk fluid will not ignite as demonstrated by the fluid ignition tests 
presented in section 4.4.1), an ignition source or heat source must be present. In 
grinding, this heat source is effectively the grinding process itself. The grinding process 
generates all the thermal energy responsible for the high contact temperatures, the 
ejection of hot grinding chips (or swarf) from the grinding zone and possibly, depending 
on the exact process parameters, bulk heating of the workpiece resulting in the lighter, 
more volatile fractions contained within the grinding fluid being released by 
evaporation.  
 
Any reduction in the grinding zone temperature would therefore have a commensurate 
effect of reducing the potential fire hazard. As previously stated, a cutting fluid 
exhibiting very high levels of lubricity reduces the grinding forces, thereby reducing the 
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total thermal energy produced by the process. For any given set of process parameter, 
the partitioning of the total thermal energy remains constant, that is to say, the 
proportion or ratio of heat energy distributed to the grinding wheel, workpiece, cutting 
fluid and that removed by the ejected grinding chips will remain the same. 
 
In HEDG, the high contact temperatures characteristic of the process exceed the boiling 
point of the cutting fluid, and consequently the thermal energy partitioned to the cutting 
fluid is effectively zero. The thermal energy is therefore divided between the wheel, the 
workpiece and the grinding chips. Since the wheel work partition ratio (Rws) remains 
constant for any given set of grinding parameters (see equation 3-7), so must the chip 
partition ratio (Rch), as the sum of the partition ratios must equal one. If the total thermal 
energy of the grinding process is reduced by improved lubrication, then not only must 
the thermal energy entering the workpiece reduce, with the obvious result of reduced 
contact temperature and reduced thermal damage as seen in figure 5-6, but the thermal 
energy removed by the grinding chips must also de reduced, with the commensurate 
effect on the average chip temperature.   
 
It is useful at this juncture, to put these findings in to the wider context of the coherent 
fluid application strategy. In chapter one, the key aim of producing a cutting fluid 
application based on the thermal characteristics of the cutting fluid was split up into a 
number of key steps or “objectives”. These steps are so important, that they were 
repeated at the being of this chapter. This discussion thus far has centred on the first 
three steps (steps A through C), with perhaps step C, the selection of the cutting fluid 
itself, being perhaps the most critical of all of these from a perspective of actually 
producing a coherent strategy. The results and subsequent discussion clear show that the 
most appropriate cutting fluid for use in the HEDG regime is be a high viscosity ester 
based cutting fluid, because of it high lubricity, low misting characteristics coupled with 
its high resistance to ignition. 
 
The selection of the most appropriate cutting fluid for the HEDG regime, does not 
satisfy all the requirements of a fluid application strategy, nor does the use of a high 
viscosity ester based cutting fluid completely eliminate the potential fire hazard. It is 
therefore important to fully understand some of the causes of real cutting fluid fires 
experienced on real machine tools to ascertain whether any lesson can be learned which 
may have an impact on the application of the cutting fluid.  
 
During the course of this body of work, two separate machine fires were experienced on 
the Edgetek machines at Cranfield, and both these were thoroughly investigated in an 
attempt to establish the actual cause of the fire. These investigations are detailed in the 
next section. 
 
7.3 Sources of Ignition 
 
The first machine fire occurred whilst performing the HEDG trials on the Edgetek SAM 
machine detailed in chapter five. During the course of these trials the cutting fluid 
ignited, and consequently, the fire extinguisher system fitted to the machine was 
immediately activated. This activation was performed manually as this proved 
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significantly quicker in reacting to the fire than the thermal sensors fitted to the machine 
which trigger the fire extinguisher system automatically. As the fire extinguisher system 
is interlocked with the machines’ emergency stop control circuit, the machine stops 
(almost instantaneously) once the system is activated. The machine is therefore stopped, 
quite literally milliseconds after cutting fluid ignition occurred, the time difference 
being the human reaction time (from seeing the fire to activating the fire extinguisher) 
and the reaction time of the emergency stop circuit and the servo control systems 
controlling the axes. This is extremely important, as the grinding process is effectively 
held at the point the cutting fluid ignition occurred, and this is extremely valuable when 
attempting to ascertain the most likely cause of the fire.   
 
When investigating the first fire, the source of ignition was most likely to be a build up 
of grinding swarf that was trapped between the workpiece and the shoulder of the right 
hand coolant nozzle. This arrangement can be seen in figure 7-1, with a close-up of the 
swarf ball shown in figure 7-2.  
 
 
 
 
 
Figure 7-1 Ball of swarf trapped between right hand coolant nozzle and workpiece. 
The right hand nozzle was used to extinguish the sparks exiting the grinding zone.  Note, during operation 
workpiece traverses from left to right and grinding wheel rotates counter clockwise. 
 
This swarf ball, observed during the test just prior to ignition, glowed incandescent. It 
was significantly brighter and was therefore hotter than any other area of the plume of 
grinding sparks that exits the grinding zone. The cutting fluid passing this swarf ball 
was mainly mist and fine spray at it too had just exited the grinding zone.   
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Figure 7-2 Close-up of ball of swarf that was trapped between right hand nozzle and the workpiece.  
Note: Grinding wheel and nozzle retracted for a clearer view. 
 
The most likely explanation for the swarf ball being significantly hotter than the 
surrounding area is the fact that as the swarf ball developed, the volume of the ball 
increased in a cubic relationship with its nominal diameter. The surface area of the ball 
however would only increase in a squared relationship to the diameter.  
 
The result would be that whilst the heat energy contained within the ball grew in a cubic 
relationship to the diameter, the effective cooling area would only increased in a 
squared relationship, as cooling only would only occur on the surface. The entrapped 
heat energy within the swarf ball would therefore grow faster than it cooled and thus 
remained significantly hotter than the surrounding plume of grinding sparks that were 
being cooled in the usual way.  
 
The problem was compounded by the fact that the test was almost complete, and the 
wheel was nearing the end of the workpiece. This gives rise to a fluid application 
problem whereby insufficient fluid enters the grind zone, as there is no “nip” at the end 
of the workpiece to help focus the fluid into the grind zone, a problem encountered in 
creep feed grinding and discussed in chapter 2.  This problem will be covered in more 
detail in later in this section, however at this point it is sufficient to say that this would 
have exacerbated the situation.  
  
To prevent a reoccurrence of this problem two simple modifications were made to the 
right hand fluid nozzle as it was clear poor nozzle positioning and a lack of cleaning or 
flushing by the cutting fluid had allowed a build up of hot material in close proximity to 
flammable mixture of cutting fluid mist and fine spray.  
 
The first measure was to raise the right hand nozzle slightly in order to remove the trap 
point. The angle of the nozzle was then adjusted to aim the fluid into the nip of the 
wheel and workpiece as before. The second measure was to add a tapered collar over 
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the right hand nozzle, thus allowing a smooth flow of material past the shoulder of the 
right hand coolant nozzle. This revised arrangement can be seen in figure 7-3. 
 
 
 
 
Figure 7-3 New fluid application set-up on the Edgetek SAM machine.  
Note the left hand nozzle is unchanged, but the right hand nozzle has been adjusted to remove trap point 
for hot grinding sparks. Note also the tapered collar over the right hand nozzle. 
 
The investigation of this fire revealed some important points.  
 
 The use of a high flashpoint cutting fluid is no guarantee against ignition. 
The Fuchs 40SR cutting fluid has a closed cup flashpoint of 216
o
C 
(Fuchs Lubricants, 2004) in comparison to a neat mineral oil of 130
o
C. 
(Castrol, 1999) 
 The importance of careful machine design and set-up to prevent the 
localised accumulation of hot debris from the grinding zone. 
 The importance of chip removal in HEDG to help prevent localised 
accumulation of debris. 
 
This last point is important as the chip removal action of a cutting fluid is often 
considered to be of secondary importance to cooling and lubrication (Sheng and 
Oberwalleney, 1997) and is often overlooked. In HEDG however fluid film boiling can 
occur, and the fluid no longer cools the grinding zone (Andrew and Howes, 1985; 
Ohishi and Furukawa, 1985). Even bulk cooling of the workpiece for dimensional 
consistency looses its importance, as HEDG is predominantly used for roughing 
operations. Therefore as long as the component is within tolerance for any subsequent 
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finishing operation, dimensional consistency can be a secondary consideration, whereas 
flushing away of hot grinding debris to prevent accumulation is vitally important.  
 
This is not to say that the cooling ability of the fluid is irrelevant in HEDG, and its 
importance increases on machines where roughing and finish operations are carried out 
on a single machine. In these circumstances the requirements of both processes must be 
considered, but on machines dedicated to HEDG, cooling can be of secondary 
importance.  
 
The investigation of the cutting fluid fire presented in the previous paragraphs also 
highlighted the problem poor cutting fluid application at the end of the workpiece 
resulting in excessive workpiece temperature, and this was also an issue in the second 
fire experienced at Cranfield during the course of this work. The problems revolves 
around the workpiece geometry, and the consequent loss of the “nip” that can occur at 
the end of the workpiece, which helps to focus the fluid into the grind zone. 
 
This effect is most graphically shown in figure 7-4. Photographs were taken at different 
stages throughout a single grinding cycle. For most of the grinding cycle sufficient 
quantities of cutting fluid enters the grinding zone to allow effective cooling and 
lubrication. This prevents an excessive number of sparks being ejected from the 
grinding zone. However, when the grinding wheel approaches the end of the workpiece, 
cutting fluid tends to hit the end face of the component and get diverted away from the 
grinding zone. Consequently insufficient cutting fluid enters the grind zone for adequate 
cooling and lubrication and the result is a significant increase in the number of grinding 
sparks being ejected from the grinding zone. 
   
 
 
Figure 7-4 Comparison of the grind cycle at different points within the cycle.  
The two photographs were taken during the same grinding cycle. In the picture, the workpiece traverses 
from left to right under the grinding wheel. On the left, the photograph shows the conditions within the 
grinding machine midway through the grinding cycle. On the right, the photograph shows a massive 
increase in the number of grinding sparks ejected from the grinding zone. This is attributable to the fact 
that insufficient cutting fluid is entering the grinding zone due to the loss of the “nip” at the end of the 
workpiece.   
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When grinding steels such as 51CrV4, it is clear from both workpiece appearance (see 
figure 7-5) and from the metallurgy that there has been a substantial increase in 
workpiece temperature attributable to fluid starvation. The problem is consistent 
between work pieces and affects not only HEDG but also other grinding modes such as 
creep and high speed grinding.  
 
What is not clear is the exact mechanism of the ignition process, as there are two 
possible scenarios. The first is that the elevated body temperature ignites the fluid. The 
second is grinding swarf ejected from the grinding zone, which like the workpiece body 
is at an elevated temperature, ignites the fluid mist and vapour within the machine 
canopy.  What is clear however is the need to apply the cutting fluid in such a way as to 
prevent the problem irrespective of workpiece geometry.  
 
 
 
 
                                        
                                                   Direction of traverse  
 
Figure 7-5 Burn at the left hand end of the workpiece caused by fluid starvation.  
The fluid fails to penetrate the grinding zone correctly due to the end face of the workpiece resulting in an 
area of burn at the left hand end on the workpiece. 
 
In order to alleviate this problem experiments have been conducted with some 30mm 
long “nip” blocks (dummy work pieces) mounted to the left hand end of the inclined 
thermocouple test rig shown in figure 3-4, in order to provide an additional land of 
material which provides the necessary wedge to focus the cutting fluid into the contact 
zone. This arrangement is shown in figure 7-6. 
 
The use of fluid support or “nip” blocks is frequently used in surface grinding to 
overcome workpiece burn at the end of components in conventional grinding operations 
(Andrew and Howes, 1985; Marinescu and Rowe, 2004, Silliman and Perich, 1992), 
though a similar problem exists in certain cylindrical grinding operations, such as 
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helical gear and thread form grinding where the traverse feedrate to rotational speed 
ratio is very high.  
 
 
 
                               a       b    c             d 
Figure 7-6 Nip block bolted to the left hand end of the workpiece.  
The fluid fails to penetrate the grinding zone correctly due to the end face of the workpiece resulting in an 
area of burn at the left hand end on the workpiece. 
a) Nip Block 
b) Workpiece 
c) Inclined Thermocouple Test Rig 
d) Dynamometer 
 
 
Figure 7-7 shows the results of these tests, with workpiece burn clearly visible at the 
end of the component where no additional nip block was used in comparison to a 
component ground with the use of a nip block. What was not clear was whether this was 
attributable to improved coolant application, or that the nip block simply acted as heat-
sink, with the excessive heat generated at the end of the workpiece being conducted 
away into the nip block and thus preventing the thermal damage to the workpiece.  
 
A further test was therefore carried out where an insulating material (20micron plastic 
shim) was placed between the workpiece to prevent the conduction of heat energy into 
the nip block. Again, the effect of the nip block is clearly visible, with no thermal 
damage on the ends of the workpiece or the insulating material, suggesting that the 
elevated temperatures which caused the workpiece burn and consequently increase the 
potential fire hazard are the result of poor fluid application.  
 
Unfortunately, burn was visible on both the nip blocks, indicating that the problem of 
high contact temperatures caused by poor lubrication, and thus the potential fire hazard 
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still remained. Consequently, some longer nip blocks, 60mm long, were manufactured 
to allow further tests to be performed where there is a longer land of material in front of 
the wheel when it is taken away from the workpiece at the end of the grinding cycle. 
 
 
 
Figure 7-7 The use of nip blocks to eliminate burn at the end of the workpiece, and thus remove a 
potential source of ignition. 
The workpiece on the left ground with no nip block, middle ground with 30mm long nip block, right 
ground with a 20micron white plastic shim sandwiched between 30mm long nip block and workpiece 
 
 
 
 
Figure 7-8 Microstructures from workpiece ground without the use of a nip block.  
Sample taken 50mm from end of workpiece shows no sign of thermal damage (left), whereas sample taken 
10mm from end of workpiece (right) has a thick white layer characteristic of elevated surface 
temperatures. 
 
The main similarity between both these fires was the fact that they occurred at the end 
of the workpiece where the workpiece geometry prevented proper fluid application to 
the grinding zone. This, as it has been shown, would have resulted in a significant 
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increase in the workpiece temperature and a significant increase in the number of hot 
sparks ejected from the grinding zone.  
 
The actual ignition mechanism is open to conjecture. It could have been a hot grinding 
spark mixing igniting the fluid mist in the machine canopy, a mechanism simulated by 
the fluid ignition tests detailed in section 4.4.3. Alternatively, the ignition could have 
been caused by a hot grinding spark igniting the cutting fluid evaporate released due to 
the elevated workpiece temperature. In circumstances such as these, an unplanned, 
unexpected, and to a large extent uncontrolled fluid ignition, the exact mechanism is 
almost impossible to determine, and it could be argued, that it is largely academic. The 
most important observation is to apply the cutting fluids in such a way as to prevent 
fluid starvation in the contact zone, to ensure the machine is set-up in such a way as to 
prevent accumulations of hot grinding debris, and possibly most importantly, to stop the 
hot grinding sparks mixing with either the cutting fluid mist or any cutting fluid 
evaporate. 
 
7.3.1 Cutting Fluid Application 
 
This last point made in the previous paragraph, that of stopping the hot grinding sparks 
mixing with either the cutting fluid mist or any cutting fluid evaporate, touches on 
another important aspect of the cutting fluid application strategy, that of the actual 
application itself. When one considers of cutting fluid application, one traditionally 
thinks of nozzle design, nozzle positioning, delivery pressures, pumping power and the 
rest. Important as these are, the fluid application strategy must also ensure that the 
cutting fluid is delivered to the grinding zone in sufficient quantities under all 
conditions. 
 
In terms of surface grinding modes, this may mean the inclusion of nip blocks (see 
figure 7-6) for example, to ensure sufficient cutting fluid enters the grinding zone to 
ensure adequate lubrication regardless of workpiece geometry. Whilst the surface 
grinding mode is strictly beyond the scope of this thesis, whose primary focus is on the 
cylindrical grinding mode, the use of nip blocks in surface grinding modes is a useful 
example to illustrate the point that the fluid application strategy needs take a more 
holistic approach to fluid application rather than simply concentrating on the more 
traditional aspects of the subject. 
 
The investigations into the cause of the machine fires experienced at Cranfield 
highlighted the fact that the grinding sparks are a likely source of ignition. The fluid 
application strategy must therefore consider how to stop hot grinding sparks and both 
fluid mist and any cutting fluid evaporate coming into contact with one another within 
the machine canopy.  
 
One possible way of achieving this may be to totally submerge the component in cutting 
fluid, and in fact this was an idea that the author investigated, all be it for other reasons, 
several years ago when working as a Machine Tool Design Engineer for a leading 
grinding machine manufacturer. The idea was dismissed due to practical considerations, 
as submerging the workpiece has serious implications on the design of the machine tool. 
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For instance, how would an operator load and unload the machine, not just from an 
ergonomics perspective of weight and reach, but also due to the fact that few operators 
would want to stick their hands into an oil fluid bath to load and unload the component. 
Would you therefore need to drain the machine after each cycle and how would this 
impact on cycle time? What would be the economic knock on effect? How do you seal 
the main machine mechanisms?, how do you stop the cutting oil from contaminating 
any hydrostatic systems on the machine?, how do you set the machine up if the 
component is obscured from view by virtue of it being submerge in cutting oil ?. In fact 
the list was almost endless and for these, and many other practical considerations, the 
idea was dropped. 
 
Another possible solution may have been to pump an inert gas, say nitrogen or argon in 
to the machine canopy. Whilst this would not have stopped hot grinding sparks mixing 
with either the fluid mist or any cutting fluid evaporate, it would have prevented any 
machine fires, as the combustion process would have been starved of that vital 
ingredient – oxygen. However, this again was dismissed due to practical considerations. 
How would you load and unload the component? Would you need to re-pressurise the 
system every time the component was loaded? Would the operator need special 
breathing equipment? Clearly, preventing all contact between hot grinding sparks and 
any cutting fluid mist or evaporate would be virtually impossible, but it would be 
possible to minimise the potential fire risk hazard by reducing the number of grinding 
sparks and the amount of mist within the machine canopy.    
 
With these limitations in mind, a new method of controlling and cooling the sparks 
ejected from the grinding zone needed to be found. Conventionally, a secondary cutting 
fluid nozzle would be used to aim cutting fluid at the grinding swarf exiting the grinding 
zone, a set-up that can be seen in figure 7.3. In cylindrical grinding modes, this spark 
arresting nozzle, as it is sometimes called, would be positioned under the grinding zone, 
and would be referred to as the bottom nozzle. An example of such a nozzle can be seen 
in figure 7-9    
 
 
 
Figure 7-9 Bottom Spark Extinguisher Nozzle Mounted Below the Grinding Zone on the SAT Machine 
 
The mass of ejected grinding sparks clearly visible in figure 7-10 show this was 
inadequate. Figure 7-10 shows a real test grind conducted using a neat oil cutting fluid 
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(Castrol Ilogrind 600SP) and the underside of the grinding zone is illuminated by a 
white hot mass of grinding chips. The problem is that normally, the bottom nozzle is 
mounted relatively close to the grinding zone, as there is limited space between the 
wheel head and the work table. Grinding sparks being ejected from the grinding zone at, 
or very close to grinding wheel speed, are in contact with the stream of cutting fluid 
being supplied from the bottom nozzle, for insufficient time to allow the grinding chips 
to adequately cool. Consequently the grinding sparks remain very hot.  
 
Furthermore, by virtue of the fact that the grinding chips are incandescent, they are 
clearly in the presence of oxygen. There is also a large amount of cutting fluid mist in 
this region, as can be seen in figure 6.2, hardly surprising when as the grinding wheel is 
responsible for generating the vast majority of the cutting fluid mist found in the 
machine canopy, as demonstrated in section 6.2.4.3. 
 
 
 
Figure 7-10 Mass of Hot Grinding Sparks being Ejected From the Grinding Zone 
The sparks are clearly not being controlled or cooled sufficiently despite the presence of a bottom spark 
extinguisher nozzle mounted below the grinding zone on the SAT machine. 
7.3.1.1 Cutting Fluid Trough 
 
A cutting fluid trough was therefore designed by the author to resolve this problem 
which can be seen in figure 7-11. The actual detailed design of the coolant trough can 
be seen in appendix 6, but the cutting fluid trough is essentially a tank filled with cutting 
fluid fitted below the grinding zone in order to catch and quench the ejected grinding 
chips. This allows the hot grinding sparks to be control and cooled them before they 
mix with the cutting fluid mist.  
 
Inside the cutting fluid trough is a series of angled plated or baffles, fitted to help split 
up the stream of hot grinding chips being ejected from the grinding zone, so as to help 
hasten their quenching. The baffles were based on the idea of arc chutes used in many 
high rupturing capacity electrical circuit breakers, such as oil blast electrical circuit 
breakers. 
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Figure 7-11 Cutting Fluid Trough Fitted below the Grinding Zone on the SAM Machine 
The picture on the left shows the cutting fluid trough prior to being filled with cutting fluid. The right 
hand picture shows the trough filled with cutting fluid. 
 
The cutting fluid trough, being essentially an open topped tank, operates at very low 
pressure, as opposed to the high pressure required when using a spark extinguisher 
nozzle. For the purpose of these tests, the cutting fluid was supplied from the high 
pressure pump fitted to the coolant clarifier system, and the flow was controlled by 
means of a ball valve installed in the fluid supply line. This ball valve is just visible in 
the right hand photograph in figure 7-11 (yellow handle), but potentially, the cutting 
fluid trough could be supplied from the low pressure, “bed wash” system installed on 
the machine. This is important, as high pressure pumping capacity is expensive to install 
and costly to run, so if the required capacity can be reduced, this has important 
economic benefits.  
 
When using the cutting fluid trough, the flow of cutting fluid was adjusted so that the 
cutting fluid constantly trickled out of the top of the trough to ensure that it was 
constantly topped up with fluid. A series of tests were then conducted to ascertain the 
effectiveness of the cutting fluid trough in reducing the number of hot grinding chips. A 
digital camcorder was mounted outside the grinding machine to video the grinding 
chips being ejected from the grinding zone. The video footages could then be split up 
into individual still photographs to so as to allow comparisons to be made. 
 
Figure 7-12 compares the amount of grinding sparks underneath the grinding zone when 
grinding trials were conducted using similar grinding parameters with the exception of 
how the cutting fluid was supplied to the underside of the grinding zone. In the left hand 
photograph, a Ø3mm jet nozzle was used, and on the right, the cutting fluid trough was 
used. Despite the fact that a lot of cutting fluid “splattered” onto the window when the 
coolant trough was used thus impairing the visibility into the machine, it can be clearly 
seen from these photographs, there was a significant reduction in the number of hot 
grinding sparks, in the area directly below the grinding wheel when the cutting fluid 
trough was used. The white hot mass of grinding chips seen in the left hand photograph 
has been eliminated, and what sparks remain, a not as bright indicating they are not as 
hot. This reduction in both the number and temperature of the grinding chips below the 
grinding zone obviously reduces the potential fire hazard. 
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Test Conditions 
Grinding Machine Edgetek SAT – 3 Axis Cylindrical Grinding Machine 
Grinding Mode Up Grinding 
Workpiece Dimensions : Ø79mm 
Material : 51CrV4 
Hardness : 59Rc 
Grinding Parameters Wheel speed : 150m/s 
Workpiece Speed : 1000rpm 
Depth of Cut : 1mm 
Cross Traverse Speed : 100mm/min 
Specific Removal Rate : 4000mm2/s 
Grinding Wheel Electroplated CBN wheel, B213 grit 
Diameter : 350mm 
Width : 30mm 
Wheel Drawing : 300 HP 700-350-30 (see appendix 3)  
Fluid Delivery Pump Pressure: 15 bar 
Top Nozzle: Ø6.5mm coherent jet nozzle. 70l/min 
Bottom Nozzle: Ø3mm jet nozzle. 16l/min 
Fluid Trough : 13l/min 
Grinding Fluids Castrol Ilogrind 600SP Neat Mineral Oil 
Number of Repeats 3 
 
Table 7-1 Grinding Parameters used for to assess the performance of the cutting fluid trough 
 
 
 
Figure 7-12 Comparison of the hot grinding chips underneath the grinding zone 
The left hand photograph shows a white hot mass of grinding chips under the grinding zone when a 
bottom high pressure nozzle is used. The right hand photograph show a significant reduction in the 
number of grinding sparks under the grinding zone when the cutting fluid trough. The area under the 
grinding zone is visibly a lot darker as there are significantly fewer grinding chips, as many are captured 
and quenched by the cutting fluid trough.  
 
The design on the cutting fluid trough used for these tests was an initial design aimed at 
testing the idea. It was found that the trough performed best, in terms of reducing the 
number of hot grinding chips visible below the grinding zone, when the trough was 
 156 
mounted as close as possible to the grinding wheel. Furthermore, it was clear that the 
trough only captured the grinding sparks being ejected vertically from the grind zone.  
 
Refining the design of the cutting fluid trough, by “moulding” or shaping it around the 
profile of the grinding wheel, and then attaching it to the wheel head so as to maintain a 
constant gap between the grinding wheel and the cutting fluid trough regardless of depth 
of cut, would reduce the number of grinding sparks further. 
 
7.4 The Cutting Fluid Application Strategy 
 
The results and subsequent discussion presented thus far show that when grinding in the 
cylindrical HEDG regime, a high viscosity, fully saturated, neat ester based cutting fluid 
is the cutting fluid that should be used, due to their excellent lubricity, low misting and 
high resistance to ignition in comparison to conventional neat oil cutting fluids. 
Furthermore, these fluids should be applied to the grinding zone using a coherent jet 
nozzle on the leading edge of the grinding wheel (see figure 6-7), and the hot grinding 
sparks need to be controlled and quenched using a cutting fluid trough mounted below 
the grinding zone.  
 
In order to test the validity of this strategy, some validation tests needed to be 
performed, but first, a series of benchmark tests were needed against which the success 
of the new strategy could be measured. 
7.4.1 Benchmark Tests 
 
An important first stage in evaluating the new cutting fluid application strategy was to 
establish the performance of the existing fluid application system used on the Edgetek 
SAT machine. Figure 7-13 shows the original fluid application set-up along with typical 
nozzle sizes with the bottom spark extinguisher nozzle shown in greater detail in figure 
7-9. The grinding parameters used for the benchmark tests are shown in table 7-2 
 
Performing benchmark tests, and taking measurements of mist level in the machine 
canopy, the grind power to allow the specific grinding energy to be calculated allowing 
a baseline to be established. This can be then be used to evaluate the performance of any 
modifications made to the cutting fluid application system and establish whether the 
changes had a beneficial or detrimental effect on the measurands. 
 
The results from these tests will be presented in the next section, where they will be 
compared with the results from the validation tests performed after the implementation 
of the new cutting fluid application strategy. 
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Figure 7-13 Original Cutting Fluid Application Set-up on the Edgetek SAT Machine.  
A Ø6.5mm diameter coherent Jet Nozzle in used above the grinding zone, with a 3mm diameter nozzle is 
used below the work piece to help extinguish the grinding sparks. Also note the use of an air scraper to 
remove the air barrier around the grinding wheel.  
 
HEDG Test Conditions 
Grinding Machine Edgetek SAT – 3 Axis Cylindrical Grinding Machine 
Grinding Mode Up Grinding 
Workpiece Dimensions : Ø79mm 
Material : 51CrV4 
Hardness : 59Rc 
Grinding Parameters Wheelspeed : 150m/s 
Workpiece Speed : 1000rpm 
Depth of Cut : 1mm 
Cross Traverse Speed : 100mm/min 
Specific Removal Rate : 4000mm2/s 
Grinding Wheel Electroplated CBN wheel, B213 grit 
Diameter : 350mm 
Width : 30mm 
Wheel Drawing : 300 HP 700-350-30 (see appendix 3)  
Fluid Delivery Pump Pressure: 15 bar 
Top Nozzle: Ø6.5mm coherent jet nozzle. 70l/min 
Bottom Nozzle: Ø3mm jet nozzle. 16l/min 
Grinding Fluids Castrol Ilogrind 600SP Neat Mineral Oil 
Number of Repeats 3 
Table 7-2 Grinding Parameters used for the Cutting Fluid Benchmark Tests. 
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7.4.2 Validation Tests 
 
In order to bring all the different elements of this project together with a view to 
proving the coherent cutting fluid application strategy, a series of tests were conducted 
using all the “best” cutting fluid based on the thermal characteristics for the given 
application and then applying the said cutting fluid in the most appropriate manner. 
 
 
Figure 7-14 Revised Cutting Fluid Application Set-up on the Edgetek SAT Machine.  
A Ø4mm diameter coherent Jet Nozzle in used above the grinding zone, with the cutting fluid trough 
mounted below the grinding zone to capture and control the hot grinding sparks. Also note the use of an 
air scraper to remove the air barrier around the grinding wheel. Cutting fluid: Fuchs 40SR HEDG.  
 
The first stage of the validation process was to establish the optimum nozzle size for the 
high viscosity ester based cutting fluid. A series of tests were performed using coherent 
jet nozzles with different size orifices. The coherent jet nozzle was selected, as in the 
tested presented in section 6.3.3, this type of nozzle, along with the coherent rectangular 
nozzle, performed the best in reducing the specific grinding energy of the process when 
operating in the HEDG regime. However, as the coherent jet nozzles are easier to 
manufacture than the coherent rectangular nozzles, the coherent jet nozzles were 
selected. 
 
The results presented in figure 7.15 show that a 4mm coherent jet nozzle produced the 
lowest levels of specific grinding energy. The decision use the specific grinding energy 
to optimise the nozzle size was taken as it is a very good indicator not only of the 
grinding forces, as can be seen in the mathematical relationship shown in equation 2.4, 
but also because it is a very good indicator of the amount of thermal energy being 
generated by the process, due to the mathematical relationship presented in equation 
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2.5. Comparatively low levels in specific grinding energy indicate that there has been a 
comparative reduction in the tangential grinding forces and comparative reduction in the 
thermal energy generated by the process, for a given set of process parameters.# 
   
 
Figure 7-15 The Effect on the Specific Grinding Energy of Nozzle Size when Operating in the HEDG 
Regime.  
Tests performed in the HEDG. 150m/s wheel speed, 1000rpm workpiece, 79mm diameter 51CrV4, 
100mm/min cross traverse, 0.5mm DOC. Q'=c.2000. Fuchs Plantocut 40 HEDG 
 
Once the optimal nozzle size had been established a series of tests were conducted using 
the same grinding parameters used for the benchmark tests, but with the revised cutting 
fluid application set-up, and the high viscosity ester based cutting fluid. A new high 
viscosity ester based fluid, Fuchs 40SR HEDG, was used for these tests. This particular 
fluid was manufactured specifically for these tests, and made using a fully synthetic 
ester base fluid, rather than the partially saturated base fluid used in Fuchs 40SR. The 
higher quality base fluid used in the Fuchs 40SR HEDG allowed the elimination of the 
polymer anti-misting additives, in line with the recommendations made in chapter 4   
Keeping all the other grinding parameters constant allowed fair comparisons to be 
made.  
 
The results shown in figure 7-16 show a significant reduction on the specific grinding 
energy when the high viscosity ester based cutting fluid was used, dropping from an 
average of 12.3J/mm
3
 to and average of 9.5J/mm
3
. This reduction was achieved with a 
significant reduction is the cutting fluid flow rate and delivery pressure. The high 
viscosity ester based fluid was delivered at a maximum pressure of 5 bar in comparison 
to 15 bar typically used prior to the implementation of the new cutting fluid application 
strategy. This fluid flow rate dropped from 70l/min to 19 l/min: a 72.8% reduction in 
the fluid flow rate.  
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Figure 7-16 Comparison of the Specific Grinding Energy when using the New Cutting Fluid 
Application Strategy 
Tests performed in the HEDG. 150m/s wheel speed, 1000rpm workpiece, 79mm diameter 51CrV4, 
100mm/min cross traverse, 1.0mm DOC. Q'=c.4000. Fuchs Plantocut 40 HEDG 
 
The results shown in figure 7-17 show a significant reduction in both the total and net 
grind powers when using the high viscosity ester based cutting fluid was used. The total 
grind powder dropped from an average of 13.8kW to an average of 9.2kW, a 33.3% 
reduction in the total grinding power, which again was achieved with a 72.8% reduction 
in the fluid flow rate.  
  
 
 
Figure 7-17 Comparison of the Total and Net Grind Powers when using the New Cutting Fluid 
Application Strategy 
Tests performed in the HEDG. 150m/s wheel speed, 1000rpm workpiece, 79mm diameter 51CrV4, 
100mm/min cross traverse, 1.0mm DOC. Q'=c.4000. Fuchs Plantocut 40 HEDG 
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The relative mist level in the machine canopy was also measured using the same 
technique described in section 6.2.2 for both the Castrol Ilogrind 600SP cutting fluid 
and the high viscosity ester based cutting fluid. The results are presented in figure 7-18, 
and show a significant reduction in the relative mist levels when the high viscosity ester 
based cutting fluid was used. The relative mist level after 70 seconds dropped from 
30.36mg/m
3
 to 6.45mg/m
3
. This equates to a 65.8% reduction in the mist level is the 
machine canopy.  
 
 
Figure 7-18 Comparison the relative mist levels in the machine canopy. 
Comparative machine canopy misting performance for Fuchs 40SR HEDG and Castrol Ilogrind 600SP 
Results for 30m/s wheel speed, 10rpm work speed, 7.5bar Pump Pressure, 5mm round Nozzle. 
 
This reduction in the mist level within the machine, coupled with a significant reduction 
in the number of hot grinding chips associated with the use of the cutting fluid trough 
can only result in a significant reduction in the potential fire hazard in the machine. 
Furthermore, the high viscosity ester based cutting fluid is much more difficult to ignite 
(as seen be the results presented in chapter 4) than the standard neat mineral cutting 
fluid used for the benchmark tests presented earlier in this chapter. Again, this can only 
further reduce the potential fire hazard within the machine canopy. When this is coupled 
with a significant reduction in the thermal energy generated by the grinding process, 
there can be only one result, a significant reduction in the potential fire hazard even 
though the random nature of the ignition process makes it virtually impossible to 
statistically quantify this reduction. All this was achieved using 72.8% less cutting fluid 
and a 33.3% reduction in the total grinding power.  
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8 Conclusions and Recommendations 
8.1 Conclusions 
 
The aim of this thesis was to produce a cutting fluid application strategy for the 
cylindrical HEDG regime, or the SATURN process as it is sometimes known, based 
upon the thermal characteristics of the cutting fluid in order to produce a coherent  and 
robust cutting fluid application strategy suitable for industrial applications. The strategy 
has two key elements, the first being cutting fluid selection, the second being cutting 
fluid application.  
 
The work conducted during this project has shown that when operating in the 
cylindrical HEDG regime a high viscosity, fully saturated, neat ester based cutting fluid 
is the cutting fluid should be used, and that the fluid should be applied to the grinding 
zone using a coherent jet nozzle on the leading edge of the grinding wheel. Furthermore, 
to control and quench the hot grinding sparks a cutting fluid trough should be mounted 
below the grinding zone. The cutting fluid trough should be fitted as close as possible to 
both the grinding wheel and the workpiece in order to capture as many hot grinding 
sparks as possible. 
 
This strategy is based upon the main conclusions to be drawn from the work conducted 
during the project which are: 
 
 Lubrication is of fundamental importance in HEDG. 
 
 Non-flammable water based cutting fluids are totally inadequate for the HEDG 
regime, due to their poor lubricity.  
 
 Neat oil cutting fluids offer far higher levels of lubrication and this reduces the 
frictional forces in the grind zone and consequently the contact temperatures in 
the grinding zone are reduced for any given set of grinding parameters. 
 
Since it is impossible to totally eliminate the potential fire hazard when using neat oil 
cutting fluids in conjunction with HEDG, a number of different measures, both in terms 
of the choice of cutting fluid and the manner in which the fluid is applied must be taken 
to significantly reduce the potential fire hazard. 
 
 A high viscosity ester based cutting fluids not only offer high levels of 
lubrication, they also exhibit low misting characteristics and offer higher levels 
of resistance to ignition when compared to other neat oil cutting fluids. 
 
 When a high viscosity ester based fluid was used there was a 65.8% reduction in 
the fluid mist within the machine canopy in comparison to the standard neat 
mineral oil used at Cranfield. Consequently, there was significantly less “fuel” 
in the grinding machine atmosphere for ignition by grinding sparks, and what 
“fuel” there is, is significantly more difficult to ignite. 
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 The cutting fluid should be applied using a coherent jet fluid nozzle when 
operating in the HEDG regime. 
 
 A cutting fluid trough is superior to conventional spark extinguisher nozzle 
mounted below the grinding zone in controlling and quenching the hot grinding 
sparks ejected from the grinding zone. The result was visibly fewer grinding 
sparks and what grinding sparks remained, were visibly cooler. 
 
 With fewer grinding sparks in the machine canopy, a reduction in the contact 
temperature within the grinding zone coupled with less cutting fluid mist in the 
machine canopy which is less volatile and less flammable, this only result in a 
significant reduction in the potential fire hazard. 
 
When this cutting fluid application strategy was applied, the following improvements 
were seen. 
 
 A significant reduction in the specific grinding energy of a standardised test 
grind is comparison to the conventional cutting fluid application strategy in use 
on the Edgetek SAM machine. The specific grinding energy was reduced by 
22.4%, a result that was achieved using 72.8% less cutting fluid. 
 
 The total powder used by the process dropped by 33.3%, and since the high 
viscosity ester based cutting fluid is biodegradable, the result is a cutting fluid 
delivery strategy that delivers real reductions in the environmental impact of the 
cylindrical HEDG process.  
 
 Furthermore, the reduction in grinding power (both total and net) and the 
reduced pumping power as a result of the reduction in cutting fluid flow-rates 
reduces the carbon footprint of the process. 
 
 Finally, when applying the cutting fluid, it is important to ensure sufficient 
cutting fluid is applied to the grinding area, not only to provide adequate 
lubrication to the grinding zone, but to allow sufficient cleaning to prevent any 
build up of hot grinding sparks. 
 
8.2 Contribution to Knowledge 
  
The major contributions to knowledge presented in this thesis are: 
 
1) A cutting fluid strategy has been for the cylindrical HEDG grinding regime 
based on the thermal characteristics of the grinding fluid. 
2) It has been shown that high viscosity ester based cutting fluids are the most 
appropriate for the HEDG regime, due to their low misting, high lubricity and 
high resistance to ignition. 
 164 
3) It has been shown that coherent jet cutting nozzles are the most appropriate 
method of applying cutting fluids in the cylindrical HEDG regime. 
4) A novel method of testing the ignition characteristics of cutting fluids has been 
developed which is more representative than standard fluid ignition tests. 
5) A novel method of reducing the hot grinding chips in the machine canopy when 
grinding in the cylindrical HEDG regime has been demonstrated. 
6) A novel method of testing the misting performance of grinding fluids has been 
demonstrated, though the author must acknowledge the contribution of Fuchs 
Petrolub UK in this area. 
7) A novel method of measuring the convection coefficient of different cutting 
fluids has been established, based on recent published work. (Jin and 
Stephenson, 2006) 
8.3 Further Work 
 
All the validation tests presented in section 7.4.2 were performed with a single nozzle 
directing cutting fluid to the leading edge of the grinding wheel. The author designed a 
two nozzle set-up which would allow two nozzles to be used to direct cutting fluid to 
both the leading edge and the face of the grinding wheel independently. The design of 
this cutting fluid application set-up is shown in appendix 7, and whilst the components 
were manufactured ready for trials, time constraints prevented them being used. 
 
It was hoped that this new cutting fluid application set-up would apply the cutting fluid 
to the grinding zone even more effectively than the one nozzle set-up used so 
successfully in section 7.4.2, allowing even further reductions in the grinding power, 
specific grinding energy and cutting fluid flows to be achieved. 
 
To test this new cutting fluid application set-up, a statistically based experiment would 
need to be performed to establish to the optimal setting for this new arrangement. Once 
an optimal set-up was achieved, then comparative tests grinds should be undertaken to 
test the effectiveness of the new design, this time using the results presented in section 
7.4.2 as the benchmark. 
 
Secondly, as stated in section 7.3.1.1 the design on the cutting fluid trough used for 
these tests was an initial design aimed at testing the idea. Designing a profiled cutting 
fluid trough, one that was attached to the wheel head so as to maintain a constant gap 
between the grinding wheel and the cutting fluid trough regardless of depth of cut, 
should not only reduce the number of grinding sparks further, possibly even eliminating 
them all together, but would make the system easier to set-up and more flexible for 
industrial applications, where a number of different depths of cut may well be used on a 
single workpiece in a single set-up. 
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